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ABSTRACT 
The polymerisation nf the cyclic ethers oxacyclobutane and 
tetrahydrofuran to poly(trimethylene oxide) and poly(tetramethylene oxide) 
has been achieved using p-chlorophenyldiazonium hexafluorophosphate 
catalyst. Their unperturbed dimensions and dipole moments have boen 
investigated. 
o Single theta solvents, cyclohexane at 25.0 C for poly(trimethylene 
o 
oxide) and I-hexene at 44.8 C for poly(tetramethylene oxide) were found, 
and from viscometry and light scattering the unperturbed dimensions 
ot.the two polymers were determined. As an alternative, unperturbed 
dimensions for poly(trimethylene oxide), from intrinsic viscosities 
in non-ideal solvents, using the Stockmayer-Fixman and 
Kurata-Stockmayer extrapolation techniques, were obtained. Average 
values of the unperturbed characteristic ratio r 2/n12 were 3.8 and 
o 
4.9 for.poly(trimethylene oxide) and poly(tetramethylene oxide) 
respectively. 
Dipole moments at theta conditions agree with bulk measurements 
and with theoretical predictions. Values of~2/nm2 for poly(trimethylene 
+ . 
oxide) were 0.41 _ 0.05 at theta conditions, 0.42 - 0.50 for buIlt 
polymer and for poly( tetramethylene .oxide) 0.66 :: 0.05 and 
0.53 - 0.64 respectively. Theoretical predictions are 0.47 and 
0.50 - 0.60 respectively. Agreement between bulk and theta values 
suggest that the bulk sample reflects unperturbed chain statistics. 
Poly(tetramethylene oxide) has a strong preference for one configuration 
as evidenced by its single stable crystalline form. Poly(trimethylene 
oxide) has three possible configurations of comparable low energy and 
varying conditions can cause a significant difference in the population 
of the configurations. The )l'2/nm2 valuo of 0.77:: 0.07 for 
poly(trimethylene oxide)' in a non-ideal solvent is explained on these grounds • 
••• 
Unperturbed chain dimensions of poly(4-chlorostyrene) and 
poly(3-chlorostyrene) were obtained. the former from exporiment at 
theta conditions and the latter from a graphical correlation of 
chain expansion, 0< , to second virial coefficient, deduced from 
data obtained from poly(trimethylene oxido), poly(tetramethyleno 
oxide) and poly(4-chlorostyrene). The unperturbed chain dimension 
sequence shown by polystyrene and the substituted polystyrenes is 
discussed in terms of their crystalline structure and in connection 
with their low temperature dielectric and mechanical relaxations. 
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INTRODUCTION 
1.1 Outline and objectives of study 
About forty years have passed since it was recognised that some 
important materials, either occurring in nature or ,synthesised in the 
laboratory, consist, of very large molecules. During that time the field 
of macromolecular chemistry has grown at a spectacular rate. 
The simplest of all macromolecules are the synthetic linear organic 
polymers, which consist of long unbranched chains of one, two or three 
different kinds of subunits or monomers. More complex polymers arise 
when non linear structures are formed, of which the simplest of the many 
possibilities are branched polymers. In such structures the longest 
linear sequence provides the back bone of the polymer. If the side chain 
is composed of different monomers from those making up the back bone chain 
then the result is termed a graft copolymer. Two other types of non linear 
polymer are the crossed-linked, and space network polymers, in which the 
polymer structures have a far more intricate pattern. The work that follows 
deals entirely with the first group described above, that is, synthetic 
,linear polymers, with relatively simple structures. 
In the practical utilisation of synthetic high polymers molecular 
chain length is the most critical factor. The mechanical strength of a 
rubber, plastic or fibrous polymer generally falls off below a molecular 
weight of about 25,000, and at the other end of the scale for very high 
molecular Weights a limit is reached where for any further chain extension 
there is not the corresponding increase of mechanical properties. If the 
sample is polydisperse with respect to molecular weight it is most easily 
characterised by the viscosity average molecular weight. Other molecular 
weight averages can provide a useful indication of quality control since 
samples prepared by given procedure should have a fixed molecular 
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weight distribution function. However the molecular weight distribution 
will be of less importance to the mechanical characteristics of a bulk 
polymer since it does not affect the properties to the same extent, 
although that is not to say that the presence of very low molecular 
weight material (e.g. monomer) cannot sometimes be very deleterious. 
Polydispersity, molecular size and shape are all properties of the 
polymer chain that can be obtained in solution. Indeed it is impossible 
to obtain direct information on molecular size in any other way as 
polymer molecules cannot be vaporised to a measurable extent. These 
stUdies are carried out a high dilution so that the property observed is 
that of the isolated moleoule. Solution properties oannot be expected to 
relate directly to phenomena of the high polymer in bulk, although 
correlations between the two will exist in some form. 
The 'spatial' configurations of linear macromolecules, natural or 
synthetic, are reflected in their average dimensions, either in dilute 
solution or in the amorphous state. Other properties of a chain molecule 
which reflect .its configuration include its mean square dipole moment, 
its optical anisotropy and its spectral properties. Using statistical 
mechanics, properties of chain molecules can be evaluated on a theoretical 
basis, by averaging over all possible configurations. These will arise 
from continuously varying all angles of rotation about the bonds of 
the structure, and also by varying bond angles and bond lengths to the 
extents permitted by the structure, For a long chain this is a formidable 
taSk, but can be considerably abbreviated by using the rotational isomeric 
state model, whereby only discrete values of each rotation angle are 
considered. This provides a method of determining which of the t'mmense 
number of possible configurations a long polymer chain may adopt, are 
statistically probable. 
In an endeavour to predict the polymer chain conformation of 
macromolecules in the bulk amorphous polymer, the author has studied 
ohain dimensions and dipole moments via dilute solution techniques and 
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then determined dipole moments of the same polymers in bulk amorphous 
state. ' 
All 'physical 'properties of ~atter are a reflection of molecular 
structure. The particular properties discussed so far were chosen 
because their relation to molecular structure is a direct one. (·,Other 
properties which are also easily measured,' suCh as density, are less 
directly linked to molecular structure and are therefore less easily 
adapted for structural information. Secondary physical properties of 
this kind, especially such properties as tensile strength and flexibility 
are naturally of immense importance when adapting a macromolecule to 
commercial use, 
1,2 Polymer chains in bulk 
All high molecular weight polymers are, solids at room temperature. 
They can be divided into two classes 'a) wholly amorphous and b) partly 
erystalline. The experimental work here is only concerned with the, 
amorphous state,' 
Intramolecular forces experienced by a molecule impose a definite 
pattern or arrangement of the chemical bonds. The existence of these' 
constraints, as previOUsly mentioned, limits the conf1gur,ation of a 
molecule by restricting bond lengths and bond angles to certain values, 
Chain conformational information can be obtained from a variety 
of sources. The rubber-like elasti~ity of an amorphous polymer for, 
instance can be used for this purpose. The major part of rubber 
elasticity'effects due to the entropy of elasticity are insensitive to 
chain structure. The minor part, however, concerned with the internal 
energy changes on stretching, are structure sensitive. The heat expelled 
in the stretching of a rubber conSists of the difference between the 
Work done in deforming the sample and the increase in its internal 
energy. Therefore, via differences in the energy levels of rotational 
isomeric states of the Chain molecule,configurational information can 
be obtained. It is usual to carry out measurements of stress as a , 
function of temperature at f1xedsamplo length. 
Some fifty years ago it became generally realised that the 
determination of the electric dipole moments of molecules should 
prove a valuable means of studying'molecular structural problems. 
Within the last twenty years the application of wave mechanics has 
led to a greatly improved understanding of the factors giving rise to 
molecular asymmetry in molecules and as a result the use of dipole 
moment determination hall become 'even more important. 
Electrical properties of the molecule comprise a combination of 
the electroniC, atomic, ionic and orientational polarizations. In the 
absence of impurities the ionic term is normally trivial. The application 
of an electriC field will cause the dipole to partially orientate, the 
degree of orientation being a function of the frequency of the applied 
field. It is also limited by the rate with which the dipoles can undergo 
rotation. This rate can be expressed in terms of a relaxation time 
which, in its turn, is dependent on the thermal motions of the molecules 
tending to oppose the orientation of the dipole. Consequently dipole 
orientation will be both frequency and temperature dependent. However, 
even in the absence of relaxation processes, as in the ideal gas, the 
Debye rel~tion~/3kT still shows a temperature dependence. The dielectric 
propertieS of the polymer, provided it is polar, are therefore closely 
related to the fundamental motions of the polymer structure as well as 
to the chain configuration. 
1.3 POlymer chains in solution 
Int'eraction between amorphous polymers and liquids is usually 
slow, taking place in two stages. Firstly the polymer absorbs the 
solvent to give a gel and this slowly disperses to give a solution. 
In a good solvent the free energy of interaction between polymer 
segments and solvent will be more favourable than that between polymer 
segments themselves. This is a thermodynamically more favourable 
situation and the polymer chain will tend to an expanded or perturbed 
state. In a poor solvent the reverse is true and the interaction 
-4-
between polymer s~gmonts opposes the entropy of mixing effect. As 
a result the polymer chain contracts, bocomes highly coiled and may 
adopt its unperturbed state. 
Thore is no nacessary correlation between the 'goodness 'of a 
solvent and the ease of dissolution of the polynlOr. This is probably 
bacause factors other than the thermodynamics of the polymer solution 
are present such as diffusion. For instance, poly (methyl methacrylate) 
dissolves quite slowly in benzene, but much more rapidly in chloroform, 
despite the fact that they are both good solvents. 
Polymer solutions are also typically viscous which is another 
factor likely to cause the process of solution to be slow. It will 
also restrict the concentration lovels at which measurements (say 
viscosity) can be performed by normal techniques. At high concentrations, 
the polymer chains will become entangled and the segmental motion of 
one chain will not be independent of another. It is therefore usual 
for polymer properties to be studied in dilute solution ( 1 - Z% by 
weight of polymer), where the polymer molecules are well seperated 
from one another. 
Whereas for low molecular weight substances the classical techniques 
of freezing point dcpression and elevation of boiling point arc used, 
as molecular weight increases to the ClacrODlolecular range those 
experimental methods becOClO insensitive and other effects become more 
prominent. This led to such nower techniques as viscometry, 
ultracentrifugal sedlC1entation, and light scattering being used for 
molecular weight determinations. Light scattering theory is applicable 
to both large and small molecules but since molecular weights of small 
molecules are more easily measured from their colUgative properties the 
light scattering method was not developed until the characterisation 
of high polymers warranted it. Similarly ultracentrifugal sedimentation 
principles hold for molecules of all sizes but for small molecules it is 
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both less convenient and less precise than clasSicaL ,method~. 
The determination of molecular weights of polymeric materials 
presents, in general, two problems not normally encountered with low 
molecular weight substances. The first problem arises because polymer 
samples contain,molecules with a range of molecular weights. Secondly, 
a feature which arises whenever the physical properties of polymer 
solutions are studied, the concentration 'dependence of these properties 
is much more pronowlCed and non-ideal than is the case with low molecular 
weight substances. 
Osmotic pressure determinations can give a rapid measure of 
molecular weight over a large range but this method becomes impracticable 
if the molecular weight becomes too large, (>1,000,000), since graphical 
procedures becOlD6 inaccurate and intercepts too small. When the relative 
difference in size of polymer and solvent molecules is small additional 
problems are'imposed on the semi permeable membrane. 
A second phenomena suitable tor macromolecular characterisation is 
the frictional resistance of the medium to the flow of the macromolecule. 
'A large chain molecule may change its shape quite considerably by 
rotation about the bonds connecting neighbouring atoms. The energy 
differences tor the transition from one conformation to another are 
not large so that even small etfects due to solvent-solute interaction 
could alter the contormation of the polymer chain. The expansion 
or contraction of the chain may be studied by following changes in the 
frictional properties of the solution. In addition, the characteristic 
dimensions of a polymer may bo estimated trom the angular distribution 
ot scattered light which therefore gives us two independent methods 
ot estimating the same quantities. Viscometry is used quite readUy 
as a direct approach for calculating unperturbed dimensions, the same 
information from light scattoring however is not easily obtained 
and consequently the literature does not readily reveal light scattering 
-6-
data at theta conditions. Unperturbed dimensions can also be found 
from viscosity data in good solvents via the treatments of Flory -
Fox - Schaefgen (1), Kurata - Stockmayer (2), and Stockmayer - Fixman (3). 
This investigation Uses both the direct and indirect approaches 
for calculating unperturbed poiymer dimensions, viscometry and light 
scattering techniques at theta conditions and also theoretical 
treatments as listed above. 
In addition the proximaty of polymer molecules in solution can 
lead to inter and intramolecular dipole interactions, as must occur 
in the bulk state. If, however the'chains are separated from one 
another by nonpolar molecules intermolecular interaction should not 
arise. Consequently solution dipole moments were measured at high 
dilution and a study was made of the effects in both good and bad 
solvents. The question arises, as will be discussed later, as to 
whether the dipole moment of molecules with chain dipoles is affected 
, ~ 
by chain configuration. 
1.4 Requirements of model pOlymer systems 
The investigation required a linear high polymer which was 
dielectrically active. A linear po:tyme.r was chosen because of the 
additional problem arising with polar side groups as to exactly defining 
e"'DI.~ 
the dipole orientation. A polymer with a main dipole is therefore 
A 
required. Poly (ethers) with their carbon oxygen and oxygen carbon bonds 
are ideal for this purpose. The oxygen and carbon valence angles are 
o ' . . 
110 , which allow the ether molecule to form a zigzag chain if other 
constraints permit. However it is not all poly (ether~ that exhibit 
large dipole moments. Poly (2,6 - dimethyl p-phenylene oxide) for 
instance has a dipole parallel to the main chain (4) which will be 
partially compensated for by the electron donating effect of the alkyl 
substituents. The overall dipole moment' of the polymer is therefore 
small and molecular weight dependent., Poly (alkane oxides) however with 
the general formula [(CII2'nO lx show a dipole moment per monomer unit, 
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perpendicular to the axis ot tho chain, which is largely independent 
ot molecular weight. This group ot polymers were thertore chosen 
tor the investigation and throughout the text the tollowing abbreviations, 
have been used tor the ,various members of the series., 
poly (methylene oxide) 
poly (ethylene oxide), 
poly (trimethylene ,oxide) 
poly (tetramethylene oxide) 
poly (pentamethylene oxide) 
, poly (hexamethylene oxide) 
,P,M.O 
P.E.O. 
, P.Tri.M.O. 
P.Tetra.M.O. 
P.Penta.M.O. 
P.llexa.M.O. 
A further study of chain dimensions was made on two substituted 
poly (styrenes) namely poly (3~hlorostyrene) and poly (4-chlorostyrene) 
in order to asses possible correlations of conformations with low 
temperature loss peaks,in these systems. 
1.5 Contigurational studies of po~ymer chains 
There 'are several methods available for chain configurational 
studies such'as viscometrr, light scattering, optical, anisotropy, 
spectral determinations and dipole moment determinatiolls. The present 
investigation has utilized some of these techniques and has particularly 
been concerned with the methods of viscometry, light scattering and 
dipole moments. 
,The poly (ethers) lend themselves very readily to this form of 
analysis. Dipole moments of the first two members of this series P,M.O, 
and P.E.O. have been studied,f~ir1Y extensively and the results have 
been reviewed by McCrum et a1 (5). The work described here has 
involved bulk dipole moment measurements on the next two members of 
the series P.Tr1.M.O. and P.Tetra.M.O. Wetton and lVilliams, (6) have 
studied P.Tetra.M.O. and the work here extends some original data to 
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some well characterised samples. It is only within the, last year 
that t,here has been any data at all available for P; Tri.M.O., and 
this work, conducted in these laboratories by Wetton and Fulcher (7), 
has involved a molecular relaxation study of the polymer via dielectric 
studies. 
Flory and Mark (8,9) have calculated for P.E.O. the theoretical mean 
square chain dimensions and mean square dipole moments from appropiate 
statistical weights and geometrical parameters assigned by them to the 
, chain structure. These compare very favourably with the experimental 
dipole moments obtained by Marchal and Benoit (10,11), Uchida et al (12) 
and Kotera et al (13). Beech and Booth (14) have calculated unperturbed 
dimensions ofP.E.O. from intrinsic viscositiesin good solvents and 
also from viscosities at theta conditions. Prior to this unperturbed 
dimensions of P.E.O. (15 - 18) had come entirely from data in good 
solvents. Similarly the mean dimensions and dipole moments have been 
,', calculated for P.Tetra.M.O. and P.Tri.M.O. by I~ark (19,20). Comparatively 
few studies have been made on the dimensions of P.Tetra.M.O. in dilute 
solution (21,22,23) and of these only Evans and Huglin (22) have 
determined the UnPerturbed dimensions in a single theta solvent. There 
has been no reported data on the solution dipole moment of P.Tetra.M.O. 
,at theta conditions. The only reported solution work on P.Tri.M.O. to 
date ,is by Yamamoto and Fujita (24) where they calculate the unperturbed 
dimensions by extrapolation of data ina good solvent., The polymer 
they have produced is only of low molecular weight ( 10,000). 
P.Tri.M.O. and P.Tetra.M.O. were used for a detailed examination 
and subsequent comparison ot dimensions and dipole moments in both 
good and theta solvents. The work required the findirig of a theta 
solvent for each polymer, that was not only a single solvent but non-
polar, as necessitated by dipole moment measurements. 
Many authors have reported on the solution properties of 
-9-
poly (styrene) and its derivativeS'. Poly (4-chlorostyrene) is no 
exception to this and work has been presented on the dimensions of 
this polymer by several workers (25-29). Poly (3-chlorostyrene) has 
received far less attention than its para isomer and as a result the 
information available on its dimensions is less abundant (30). The 
dimensions of these two polymers provides an interesting comparison 
due to the effect of the pOSition of the chlorine substituent. As will 
be seen in the discussion, the crystal structure also reflects their 
differences. Results have been looked at in this light and used to 
discuss differences in their dynamic mechanical behaviour in the 
liquid heluim range. 
-10-

CHAPTER 2 
TlIEORY 
2.1 Spatial Configurations of Fle:dble Chain Molecules 
2.1.1 Average dimensions, Analytical expressions 
Polymeric substances can be divided into two groups according to 
whether their molecules a~e predominantly rigid or flexible. There 
are polymers which do not fit into either category as there are thOSe which 
pass from the first classification to the second as the temperature is 
raised. \Ve are only concerned with synthetic linear polymers whose 
molecules possess a great deal of flexibility. 
Alternative dimensions used to describe the spatial extension of 
a flexible polymer molecule are the end to end distance, r, and the 
radius of gyration, s. 
The end to end distance is normally measured as the root - mean -square 
average of the separation b9tween the two ends of the polymer chain. If 
r is the distance between the ends 
with the averaging being taken over all possible configurations. Theoretically, 
the distance 1s most easily calculated 1n terms of vectors. If r is the 
vector drawn from one end of the polymer chain to the other then 
= 
. )~ <t . r 
To define the radius of gyration, consider the polymer chain to be made 
up of elements of mass mi at a distance Si from the centre ot mass. The 
radius of gyration, s, for a given configuration 1s the square toot of 
the weight average of s1 2 for all the mass elements. 
-11-
2 
s = 
For flexible chains s depends on the configuration and the root-
mean-square average over all configurations. is 
= 
Radius of gyration, for the Gaussian'chains under consideration, 
. 
is related to end to end distance by an equation derived,byzimm' 
and Stockmayer (31) and Debye (32) •. 
. .•..• (2.1) 
The following discussion is "'hrasel:! in terms of r the end to end 
.. . a 
distance but similar arguments apply to s ,provided equation (2.1) 
a 
holds. 
Initially we shall consider the hypothetical unrestricted polymer 
chain and then the effect of restricted r·otation •. 
Consider a polymer chain of n bonds of identical length 1. Ini tially 
we are assuming, hypothetically, that the rotation angle ~ is.unrestricted 
'''1',1.", • ..1- . 
and the bond angle~S is freely jointed, hence ~ and.S can take any value. 
The end to end vector ~may be expressed as the sum of the n bond vectors 
l' 
.- i' 
r = 
i 
n 
2 L . 1" 
= 1 
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Then 
2 
r = 
n 
1 .. 1 
and the average square of r may be wr1tten 
n n 
1=1 j=l 
n 
For the freely jointed chain, the average projection of any bond 
vector on any other would then always be zero 
cos 9 .. 0 
hence all terms of the summation with 1 f. j become zero. The only 
terms remaining are those for which i .. j, which are merely the square 
2 
of the. length of the i th bond, 11 , lIence 
n 
2 
r .. .. ••••• (2.2) 
1 
If the bond lengths in the chain are not all identical then 1 takes 
·on the value of the average root· mean square bond length. 
<"fl'k ..... e~t 
With the bond angle~fixed, as is the case, the end to end distance 
is obtained from the following expression, f1rst derived by Eyring (33). 
2 
r = ••••• ,(2.3) 
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Molecular dimensions calculated under the assumption of 
free rotation are grossly in error.' Even the freely rotating 
chain with a fixed valence angle 9 is quantitatively incorrect. 
The reason for this is that rotation about single bonds is restricted 
in so far as certain values of the angle ~ are more probable than 
others. Taylor (34), Benoit (35) and others (36.37) have shown ,that 
this requires the introduction of ,an'additional multiplying factor 
and 
2' 
,r = 
which is a reasonable approximation when n is large and cos ~ is 
not too near unity. If the rotation is unrestrained cos ~ = 0 
and equation (2.4) reverts to (2.3).,' 
Each of the equations for~ consist of two factors, one 
independent of the nature of the polymer, , depending only on chain 
length, and the other dependent on the nature of the polymer, such 
"as bond length, bond angle,' or degree of restriction of rotation. 
In general, for all long flexible chains 
••.••• (2.5) 
2 
where ~ is a constant characteristic of the polymer. Equation 
(2.5) allows us to treat flexible chains, restricted by ~otation, 
mathematically as if they were completely unrestricted chains with 
bond length ~ which is larger than the actual average length 1. 
~/l can be taken as a measure of the stiffness of a polymer chsin. 
Kuhn (38) has shown that equation (2.5) is a.ppiicable:to ail 
flexible polymers, regardless of restriction of rotation. Flexible 
here being defined as a chain in which any t~o vectors drawn say 
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from carbon atom 1 to carbon atom n and from carbon atom n to 
carbon atom z, bear no correlation in direction; A chain molecule 
which is sufficiently long can then be flexible, despite restriction 
between a structural unit and its more immediate neighbours. m structural 
ur.its taken together are a statistical segment. The number of vectors 
required to represent a given configuration is n': nfm where the 
number of structural units is n + 1. I The length of each vector li 
will be different and the angles between them arbitrary. As long as 
I 
n .. n/m is large enough for statistical analysis i.e. the chain is 
long and m is reasonably small, the polymer chain described 1n terms 
I . 
of the vectors 11 becomes a completely unrestricted chain and from 
- . 
equation (2.2) we have 
2' 
r .. = .. ....•• (2.6) 
where 1 is the root mean square length of a statistical segment. 
e 
Equation (2.6) is the same as (2.5) with a2 = ·2 1 Im 
e 
The equations derived in this section are similar to the 
equation of state for an ideal gas in that they neglect intermolecular 
'~Aj rOl.I')~~ 
and~lntramolecular. interactions of the polymer molecules. In a 
real polymer chain these interactions do exist. The effect of this 
on chain dimensions is discussed in section 2.3. 
2.1.2 Rotational iscmeric state theories 
In the rotational isomeric state approximation, originally put 
forward by VO.lkenstein (39) each molecule, or bond, is treated as 
occurring in one or another of several discrete rotational states. 
These states in general coincide with potential minima •. There will 
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be fluctuations about those minima hut they are ignored here, 
assuming that they will be of random sign and consequently mutually 
compensatory on the average properties of the chain molecule. 
Most molecules show a throefold character of rotational potentials. 
The function, E(~) over the range of ~~ 0 to :!:. -rr, shows three 
minima. 
. . 0 
One for the trans (0 ) and two for gaucho conformations 
o ('V :!:. 120 ). Calculations and experiments indicate a displacement 
o . 
of the gauche minima of about 5-10 from their symmetrical locations 
o 
at + 120 , due to large repulsions occurring in.the cis, conformation. 
- . 
The potential wells are separated by bsrriers greater than RT, hence 
the bonds. are confined at ordinary temperatures to states near one. 
or another of the minima in E(~). 
Following Flory (40), the rotational partition function, z, 
for a bond whpse conformations are represented by V rotational states 
is given by 
z ,. u~ + 
.. 
.... .;.", .• (2.7) 
Here ul ' u2 ' etc are the statistical weights applicable to the 
respective isomeric states. If unity is assigned to one Of. these 
states then other statistical Weights may be expressed relative to 
thb. If 1 then 
•.••.• (2.8) 
where E1] is the energy for state 1] 
A configuration (~) of an n-bond chain molecule can be defined 
in rotational isomeric state terms by n-2 numerals from a V digital 
system, as before V representing the number of rotational isomeric 
states chosen to characterise the rotational potential of a bond. 
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Hence if V = 2, a cenfiguratien may be written by the series 
.of digits 
2112122 ete. 
Neglecting interactiens .of leng range, the retatienal petential 
affecting 'any given bend i depends .only on ~i-l' ,~i,' and ~i.f-l' ' 
The totalconfiguratienal energy may then be givenasthG sum.of 
energies fer first neighbour pairs. Hence, in the case of the 
binary statecenfiguration 
E(~) E 2 ;- + etc. 
The first term has 8 single index since it has lie predecesser in 
the sequence, Each succeeding term has as its first index the' 
latter index .of its predecessor in the, polynemial. 'In genera,l 
n-l n-l 
E(~) ~ 2: Ei (~i-l' ~i) = 2: E€TJ li 
1_f) i=2 
~ .•.•• (2.9) 
where ~ denetes the state .of bend i-I and 'fJthat .of bend i. The 
energy E~'fJ 'i = Ei (~i-l' ~i) is the centribution te E(~) associated 
with the assignment .of bend i to state 'fJ '. bond' i-I being in state e . 
The dependence .of' the rotatienal potential fer bond 1 en ~i+l is 
fe..-tN\ o~. u..e. 
aC,counted for i~ the nextksum. The total energy is therefore a 
systematie sum .of terms each dependant upon a pair of consecutive 
rotation angles. 
Statistical weights u~'fJ cerrespending to the energies ,Ef.'fJ 
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m~y be defined by 
= eXp(-E~7J ;i/RT) ••• ~ •• {2.10) 
and can be expressed in the form ofa statistical weight matrix 
•••.•• (2.11) 
with states (~ ) for bond .i-l indexing the rows and states (YJ) for 
bond.i the columns. The statistical weight of a configuration of 
the chain as a whole is given by' 
n-l 
J1.(I1) = IT U~7J;i ......... (2,12) 
i=2 
which follows from equations (2.9) and (2.10). 
In the case of n-alkane homolog~ the simplest case possible, the 
statistical weight matrix takes the form 
(t) (g+) (g-, 
(t) 1 C- C-
U = (g'") 1 C- O ':.,j.,j~(2oi13) 
(g-) I 0 C-
where 0- is defined by 
C- = exp( -Eg/RT) ••.•.. (2.14) 
Eg being the energy of a gauche state relative to a trans. The 
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value exp(-Eg+g - /RT) is approximated by zero. States of the 
preceding bond are shown to the left of each row and those for 
the bond under consideration are above the'columns. Elements in 
the iirst column equate to unity by the convention above for 
reckoning energies relative to the trans state for bond i. 
Members of the poly (ether) series P.M.O., P.E.O., P.Tri.M.O., 
P,Tetra.M.O.; etc.; are all symmetric chains i.e. they are chain 
molecules whose structural units do not 7possess' centres of asymmetry, 
and consequently their treatment is similar to that above for 
poly (alkanes). Fig. 1. shows in diagrammatic form the chains of 
the four polymers mentioned above. 
The P.M.O., chain has two bonds in its repeat unit, identical 
apart from the opposite direction. The bond angles .".' - e and 
a 
.". - ab at tha methylene group and oxygen, are nearly identical 
° and approimately tetrahedral, i.e. -::: 70 (41). P.O.E., P.Tri.M,O., 
and P.Tetra.M.O. have three, four and five bonds respectively 
within the repeat unit. There are two kinds of bonds, C - 0 and 
C - C , their lengths are 1.43 and 1,53 K. respectively (41). The 
two bond angles ace and coe are nearly the same and can also be 
approximated to 9,= 700 , First order parameters, ~ • are indicated, 
. 
above the plane of the diagram, and second order parameters, W , 
below. Second order parameters apply to the bond pair alongside the 
skeletal atom or group marked. They are therefore four bond interactions, 
for instance i-I. i-2 and i, i+l alongside the 0 in P.Tri.M.O. 
Since we are only directly concerned with P.Tri.M.O. and 
P.Tetra.M.O •. , we shall limit the discussion to these two polymers. 
The parameters required to theoretically calculate mean square end 
to end distances and mean square dipole moments have been determined 
by Mark (42,43,44)., He calculated oonformational energies and 
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associated statistical weights fram interatomic distances and 
by allowing for polar interactions of partial charges and by 
comparison with corresponding parameters for P.M.O. and P.E.O. 
They are given in Table 2.1 
Table 2.1 Conformational energies and statistical weights assigned 
. , 
to the P.Tri.M.O. and P.Tetra.M.O. chains. 
Energies 
-1 (cal mole ) 
EO' = 900 (as in P.E.O) 
Bd = -200 (;t. 200) 
Ea-M = 500 
EtJ'= 250 (:!:. 250) 
. Ew"" 340 (:!:. 250) 
Statistical Weights 
0- = 0.21 
0-'= 1.4 (:!:. 0.5) 
.. O' = 0.43. 
1.\' _ 0.65 UtI - (:!:. 0.3) . 
1.\"- 0.55 ( 0 3) UJ - :!:.. 
The calculated results due to Mark, are shown in Table 2,2, 
The values for P.E.O. are also included. 
Table 2.2 Calculated dimensions and dipole moments of poly(ethers) 
Polymer Temperature 2 2' r /'--2 2 
. nl nm 
P.E'O 40°C 4.0 0.58 
(25°C) 
p.Tri.M,O. 25°C. 3.4 
- 4.3 0.47 
P.Tetra.M.O. 20°C 4.6 
- 5.3 0.5 - 0.6 
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Ranges of the calculated values corresponl'roranges of 'the parueters 
in Table 2.1. Dimensions are given as the characteristic ratio" 
2' 2 
r I nI, where r is the end to end dist'ance of a polyuier of n bonds, 
of mean square length 1. The mean square dipole moments were 
calculated using bond moments of .. 0" 0.99D and IIc .. O.OD 
, c - - c 
(43, 45). 2 The quantity nm occurring in the denominator of the dipole 
moment ratio represents the sum of the squares of the individual 
dipole moments in the molecule. 
The two sets of data, one for chain dimensions and one for 
dipole moments are well correlated by the rotational isomeric state 
treatment. The statistical weight parueters required for these 
calculations are consistent with other evidence. For P.E.O. they 
are in quaUtative agroementwith the conformation.dIj:" crystalline P.E.O. 
Tadokoro (46) says this conformation is a 72 helix described by (ttg)x' 
That is the C - 0 and " 0 - C bonds approximate to the trans (jil .. -So) 
, 0 
state and the C - C bonds approimate to the gauche (jil .. 115 ) states. 
, The sue worker (47) has also shown that for P.Tri .... O. the preference 
of a C -c bond plus pendant oxygen, for the gauche conformation 
and the preference of C _. 0 and 0 - C bonds for the trans 
conformation (see fig.l), is confirmed by the occurrence of bonds 
i-I to i + 2 of the P.Tri.II.0. chain in.the helical conformation 
+ + ,., ' 
ttg-g- in its stable orthorhombic crystalline form. Lastly Tadokoro 
ag~in (47) has shown that for P.Tetra.".O. the symmetrical form ttttt 
exists in the stable crystalline polymer. The conformations of 
, + + P.Tetra.II.0. predicted to be lowest in energy are ttg- tg- and 
-' + ~ , ." tts-tg , which should differ only Slightly from the ttttt state. 
2.1.3 Statistical distribution of Configurations 
Having considered flexibility and average dimensions we are 
now concerned with the distribution of dimensions a chain molecule 
w111 adopt. We must determine the probability. lY(r)dr, that the 
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end to end distance of a polymer molecule lies between rand dr. 
The statistics involved is closely related to the problem of random 
flight. The early work was done by Rayleigh (48) but more recently 
Kuhn (49) and Guth and Mark (50) have applied it to polymer chains. 
It is convenient to consider first the projection of the 
configuration on one oo-ordinate axis, say the x-axis. For the 
solution'of the problem in one dimension we require the probability 
W(X)dx that x assumes a value between x and x~dx. Provided that 
the chain can be regarded as flexible, according to equation (2.2), 
and ignoring excluded volume effects, this probability is expressed 
, ~ , 
by the Gaussian distribution 
...... (2.15) 
where 
" 
Similar expressions are obtained for the probability distributions 
W(y) and W(z) for the components y and z. The probability of 
Simultaneously finding a value of r between x and x + dx and y and 
y • dy and z and z + dz may be taken as the product of the separate 
probabilities 
W(x)W(y)W(z)dxdydz " (:£) 3 eXP(-b2r2)dxdydz 
Where 
2 
" x + 
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z 
.) 
~ 
•• •.••• (2.18) 
If one end of the freely Jointed polymer chain is fixed at the 
origin of a coordinate system and the chain is permitted to take 
any configuration at random, the probability that the other end 
occurs in the volume element dxdydz located at x, y. z is given 
by equation (2.16). If the chain di,splacement vectors of a number of 
identical polymer molecules are plotted from the same, origin then 
W(x)W(y)W(z) also represents the density of distribution of the end 
points of these vectors. 
The Gaussian function, equation (2.16) indicates that the 
most probable location of one end of, the chain relative to the 
other is at r = O. The density. or probability, decreases monotonically 
as r increases in magnitude. 
The probability that r assumes a certain magnitude,irrespective 
of the direction'of the vector ~ is given by multiplying W(x)W(y)W(z) 
by the total volume 4"11 r 2dr of all volume elements at a distance r 
from the origin. Now, the probabil1ty that the chain length has a 
value r tor + dr, irrespective of direction. is 
W(r)dr 2 2 exp(-b r ) 2 4"1!'r dr 
The radial distribution function w(r) shows a maximum at a value of 
r greater than zero. This maximum occurs at r = Vb. which 
therefore represents the most probable value of r. The moat likely 
value: of r is different from the density function W(xyz) since W(r) 
is obtained from W(xyz) by multiplying throughout by the volume 
element in which r is constant. 1I0wever the size of the volume 
element 47f r 2dr increases with r2. hence the difference between 
the two functions. A detailed outline of this problem has been 
given by Debye and Bueche (51). 
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2.2 Thermodynamics of polymer solutions. 
It is possible to explain the difference between real and ideal 
solution behaviour of small molecules through their heats of solution. 
Systems containing high molecular weight components show extremely 
large deviations from ideal solution behaviour. Thermodynamically 
these deviations are associated with a finite heat of solution, 
even when the heat of dilution is zero or positive, hence, polymer 
solutions. are characterised by large positive excess entropies of 
dilution, ~SM' 
Most polymer molecules can be represented as flexible chains. 
At extreme dilutions anyone of these can take a large number of 
configurations. independently of its neighbour. The amorphous 
polymer will show a similar chain flexibility but now the molecular 
shapes are no longer independant of each other. Theshnpe of each 
chain is governed by the available space left by its neighbour. 
This condition is eliminated when a molecular chain is transfered 
trom the pure polymer to a dilute solution and this accounts tor 
the positive entropies ot dilution ot polymer solutions. 
There are, however, two distinct ranges ot concentration in 
systems containing chain molecules. In dilute solution the loose 
" molecular coils will only occasionally become intertwined and this 
"will depend on the size of the individual coil. Consequently, ~"SM 
will be sensitive to polymer chain length. ·At higher concentrations 
, 
the"available volume becomes less and the polymer molecules more 
entangled. In this concentration range interference between chains 
will depend on the fraotion of the volume occupied by these chains. 
To a~count tor this effect Flory (52) and Huggins (53) formulated 
a theory based on the quasi-lattice model ot the liquid. They 
determined the number of ways in which NI solvent molecules, of 
-~-
mOlarvolume,Vl,and N2 polymer chains, 'of molar volume V2 ' could 
be distributed over the N= NI + N2 sites of a lattice so that 
each lattice site is occupied either by a solvent molecule or one 
of ,the V2/Vl segments of a polymer chain. A basio assumption here 
1s that in any given region of the polymer solution there is an 
equal'density of chain segments. ' This will be valid for the 
oonoentration range under disocussion 1.e. where the polymer 
ellains are freely entangled. In dilute solutions, however, it 
would:not be so as the polymer molecules, representing high local 
, , 
concentrations of chain segments, are separated'by r&gions of pure' 
SOlVent. ' 
If 1V1 is the number of ways Nz polymer chaln~ can be arranged on 
a lattice of NZVZIVl sltes (the pure disordered polymer) and "2 the 
number of ways they cim be arranged on the, NI + N2 (VZIV1 ) lattice sites 
corresponding to the solution., the configurational entropy of mixing 
is given by 
This expression relates statistical mechanics to the thermodynamics of 
the system and both Flory and Hugglns went on,to show, 
where vl and v2 are the volume fractions of solvent and polymer 
respectively. And, 
.·~ •••• (2,17) 
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where ~ SM is the experimentally accessible entropy of mixing, m 
is V2/Vl and the gas constant R replaoes Bor.tzmann"s oonstant k • 
. The free energy of mixing is made up from configurational 
probability and a free energy characterising nearest neighbour 
interactions. The latter io a short range effect ahd should be 
proportional to the number of contact points between solute and 
solvent 1.e. proportional to the volume fractions of the components 
or 
since 
substituting from equation (2.17) 
••.... (2.18) 
)( is the Flory - Huggins interaction parameter and equation (2.18) 
is know as the Flory - Huggins equation. 
The changes of chemical potential on mixing for the two components 
are then 
and 
~u 
2 
-26-
On expansion of the InvI • In(l - va) term, 
• ••••• 9 ] 
•••••• (2.19) 
which compares with that obtained if the entropy of dilution had 
the ideal value aa follows 
va 
-RT [-+ 
m 
a 3 
! (V; ) + ~ (~ ) •••••• 2 -X V 1 2 
In this caae a large value of m would make mixing impossible if?C had 
an appreciable positive value. Hence endothermic mixing of high 
molecular weight polymers with solvents is only possible because 
of the configurational entropy gained by flexible chain molecules in 
the process of dilution. 
As we have already stated the theories dealt rith so far, assume 
that the concentration of polymer segments is uniform throughout 
the solution. In the case of dilute solutions this does not hold ' 
and it is necessary to develope a new theory to describe the ideal 
and real dilute sOlution, for thia concentration range. 
For an ideal solution the chemical potential is given by 
••.•.••• (2.aO) 
where subscript I denotes component 1, or so'lvent, and ~~ .is its 
standard chemical potential and "I.' its mole fraction,. For dilute 
.solutions Xl ls very close to unity, hence for a two component system 
with Xl» xa 
.. 
X 22/2'" ...... 
Substituting in equation (2.20) 
-RT (x2 + 
2 X2l2 + ••• ) 
.•••.. (2.21) 
It the concentration ot solute is expressed as c 2 grams per millilitre 
then equation (2.21) beoomes 
u _ Uo 
1 1 " + ••• ) 
•••••• (2.22) 
wh .. c 2Vl ere x2 
For non-ideal solutions the theory is analogous to that tor 
non-ideal gases. The chemical potential is expressed as a power 
series in concentration, the coetticients A2, A3 etc., are known 
as the second, third etc., virial coetticients. 
+ ••• ) 
•••••• (2.23) 
The tirst term is the same as in equation (2.22) so that ideal 
behaviour is attained as c2 beoomes very small. 
Equation (2.23) shows A2 to decrease with increasing molecular 
weight. In practice polymer solutions show large concentration 
dependance ot u.l • A polymer solution can also separate into 
immisci.ble phases. Such teatures ot, non-ideal behaviour may be 
explained in terms ot excluded volume, the volume that one polymer 
chain excludes to another. 
In a very dilute solution with solute molecules separated trom 
each other the chemical potential ot the solvent is dependant only 
on the 'change' in entropy. due to mixing, enthalpy and volume changes 
~ing zero 
••••.• (2.24) 
Where Sl is the partial molat entropy of the solvent and s~ the molar 
entropy of pure solvent. 
Consider the total number of ways N2 identical polymer molecules, 
of excluded volume u can be distributed over a volume V or solution •. ' 
The number of sites available for the first polymer molecule 
introduced into the solution will be proportional to V. The first 
molecule exoludes a volume u, hence the number of sites available 
to the second molecule will be proportional to V - u. The volume 
available to the third molecule V - 2u etc. As long as the final 
solution is suffioiently dilute to justify the assumption that the 
solute molecules are far apart and independent of each other, the 
total exoluded volume will remain additive in the number of polymer 
molecules, and the total number of ways of arranging N2 polymer 
molecules can be written . 
W a 
N2 
K TT [V-(1-l)u) = K 
i .. l 
where K is the proportionality constant. 
N - 1 2 ... 
TT V(l- i; ) 
i=o 
••• -.... (2.25) 
Since tu/V.is always much less than unity in the dilute solution 
the logarithmic expansion of equation (2.25) may be done with 
neglect of higher terms. Fl1rtheT' ,subStitution of N2 D n2 ./1f Where 
n2 is the number of moles of solute and N Avogadro's number and 
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v = nl V~ k n;V~ where V~ and' v~' are the partial molal volume 
of solvent and solute at inflni te dilution. Thus 
••.••• (2.26) 
'The entropy of mixing in terms otthe Boltzmann equation is 
fI S i = klnW, (final soln.) - klnW(pure solute) - klnW(pure solvent) 
m x , 
where R. the gas constant is equal to .Nk. 
,Equation (2,26) is the value of lnIY for the final solution. That 
for pure solute and pure solvent is found by putting nl = 0 and 
n2 • 0 ,respectively in equation (2.26). From this new expression 
for fI Smix. - 0 SI - Sl may be found by differentiating with respect 
to n l • then substi tuti ng n2 o -0 (nlVl "" n2VI;.) 
the soluto concentration in grams per c.c. and M2 is the solute 
molecular weight. 
S .• 
1 (
! + 
lA ' 2 
, 
and converting to chemical potential by equation (2.24) we get 
•••• , .• (2.27) 
Equation (2.27) is identical with (2.23) where 
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••••.. (2.28) 
The way a flexible polYMer behaves by excluding other polYMer 
molecules is similar to that of a solid sppeT~. The excluded volume, 
·u, is also closely related to the chain expansion parameter, ~ , 
which allows for the effect that a given segment of polYMer chain 
can exclude other segments on the same chain. " will be discussed 
more fully in section 2.3. However it is sufficient to note that u 
is not the sole factor in the interaction between segments. In a 
good solvent a polYMer molecule will be surrounded by solvent 
molecules. This will effectively increase the excluded volume due 
to each segment. u will increase· as too will "". In a poor 
solvent there will be a preference for segment - segment contacts, 
this effect decreases c( and produces a similar decrease in u. In 
a sufficiently poor solvent c( '" 1 and the molecule behaves as if its 
segments occupy no volume at all. Now the excluded volume becomes 
zero and hence so too does A2, See equation (2.28). Under these 
conditions the polYMer solution behaves ideally • 
. An inorease in temperature decreases intermolecular and 
intramolecular attraotive forces in so far as they are volume 
dependant. Hence temperature should have a marked effect on the 
chemical potential of a polYMer solution, particularly in a poor 
Solvent where the attractive forces become more important. Poor 
solvents should become better solvents as the temperature is increased 
since both of. and A2 will inorease. 
The effect is shown quantitatively by an equation of Flory's (54) 
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where )(1 and '1'1 are heat and entropy p.'1ramoters. The ideal 
temperature 0 is defined by 
9 •••••• (2:.29) 
so that 
'/'1 - ls. a '1'1 (1- O/T) 
Hence the excess chemical potential becOftOS 
..... (2.30) 
In a good solvent 0 is negative, since )<.,. is also negative, 
u is always positive and~ greater than unity. In a poor solvent 
e will be positive. When T = e, the chemical potential from 
segment - solvent interactions is zero see equation (2.~0). as 
too is the free energy of interaction of the segments within a 
given volume. The 9 temperature is therefore that temperature at 
which deviations from ideality vanish. The solvent under these 
conditions is an ideal solvent. The substitution of equation (2.21) 
is now more apparent. The 9 temperature ls characteristic of any 
poor Solvent - polymer system when'A2 = 0 and '" = 1. 
In general. a poor solvent for a given polymer becomes poorer 
as the temperature is lowered. At same critical temperature TO. 
,phase separation occurs. This critical point is also called the 
consulate point and the conditions for phase separation at this 
point raQtii re 
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'3 ) ~GM Oan - . clV~ T,P. = 0 
Applica tion of the cri tical conditions to the Flory Huggins 
equation (2.18) gives for the critical composition (52) 
1 
, which for large values of m reduces to 
1 
-I, 
m" 
remembering that m = V2/Vl and tor the interaotion paramoter 
X crit = 
~ 1 1 
- ~ + -l, 
m" 
The critical value of the interaction parameter ~ reaohes a limiting 
value of ~ at infinite molecular weight. 
We oan now directly equate the second virial coofficient 
term A2, to the interaction parameter by equations (2.23) and 
(2.19). If we first substitute for v2 = C2V2 into (2.19) we u;-
have 
2 
L1ul [1 + O-X) °2V2 _c = -RTo V - 2 21M2 M2Vl ... 
.••••• (2.31) 
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] 
and 
600 = 1 ] 
.•••.. (2.23) 
henee 
•••••. (2.32) 
Therefore when X = !, A2 = O. cons~qu .. nt1.y the Consulate Point 
and the parameter 9 are one and the same point for infinite 
molecular weight, being the temperature at which the polymer 
solution becomes ideal. 
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2.3 Excluded vo1ums effect. 
Dimensions of a polymsr chain in solution are influenced not 
only by polymer - solvent effects but also by the interactions betwesn 
chain elements. These can be divided into short and long range interactions. 
The short range interactions, as explained previously, are those between 
atoms or groups separated by only a small number of valence bonds. 
They result in constancy of bond angle and hindered internal rotation. 
Ths long range interactions are those between groups separated in 
the chain by many valence bonds, or even between segments of different 
polymer molecules. They are identical in nature and magnitude to 
Van der Waals intsractions between two different molecules. These 
long range secondary interactions have so far been ignored from the 
discussion and in this respect the equations derived in s:ections 2.1 
and 2.2 are analogous to the equation of state for ideal gases. 
The repulsive force arises from the inability of molecules to 
occupy the samo volume, and has the effect of making certain 
configurations of the polymer chain impossible. This will obviously 
occur to a greater degree in a molecule with". small end to end 
distance or one that is highly coiled. 2' The result is to increase r • 
The ideal end to end distanceacliiaved! when the energy of interaction 
compensates exactly for volume exclusion will from now on be represented 
2' by r • 
o 
-2 2 
r will therefore be larger than ro' Flory and Fox (55) 
represented the difference between the perturbed and unperturbed 
dimensions by the expansion factor ~. ThuS we may write 
2' 2- 2 
r 
'" 
"'- r 0 
~ 
'" 
.,(,~ 8 2 
0 
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The probability of a segment occupying space already filled by 
another segment'increases with the number of segments in the chain. 
The expansion factor '" is therefore molecular weight dePence nt. 
A polymer chain will have a preference for a given configuration 
depending on solvent. In a good solvent the energy of interaction 
between polymer element and solvent molecule exceeds that between 
tends to eXpand and 0( becomes larger. In poor solvents where the 
energy of interaction is less, smaller configurations are preferred' 
partly cancelling the 'effect of excluded volume, 'and o{, takes on a, 
smaller value. If the' energy of interaction cOlllpensates exactly for 
" ,'""2 '""2 ' 
the effect of the physical excluded volume then r ~ r and ~ • 1. 
o 
When this condition is achieved the polymer chain will assume its 
unperturbed configuration in which the overall dimension is determined 
by bond lengths and angle. only. This will only occur in a poor 
solvent for a given polymer at its theta temperature. This precise 
temperature may be found by adjusting ,the temperature to the conSUlate 
point Dj' chains of infinhe molecular weight, , usually by extrapolation 
of osmotic or light scatteririg data, to' a solvent composition' or 
t~mperature corresponding to z.ro second virial coefficient. Recently 
Peterlln (56) and Kurata and Stockmayer (2) have gathered data for a 
large'numb6r of polymers and tabulated theta solvents and unperturbed 
dimenSions. 
The otfect of expansion of the f.le",1ble polymer chain in':'a good , 
solvent has been studied both theoretically and experimentally. In 
Sufficierj,tly dilute solution the long range interactions between chain 
el,ements are represented by the binary cluster integral 
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provided the pair potential of average force W(r) as a function 
of distance r 1s assumed to be of short range nature as required by 
.il 
13 «(r2)2. Some workers chose the negative sign for 13, the present 
choice mnltes the numerical value of B positive in most experimentally 
studied polymer solutions. The expansion factor ~ is then a function 
of a single variable z, defined by 
•••••• (~.33) . 
for a chain of N links ot length a., In the absence ot this type 
~ 
of ineraction i.e. at T = e where 13 = 0, the mean square dimensions 1\ " , 
of the chain reduce to 
2' 
r = o 
which is identical to equation (2.2)., 
When z is small an exact oxpression for the expansion factor 
can be obtained frOm perturbation treatmAnts'of the interactions; 
as follows 
0(.2 
or in terms of radius of gyration 
1 8 2 
..t.g' 
= = 
,,( SZ 
0 
4 2 1 + --L - 2.08z + 3 
134 z 
... 
..•.•. (2.34) 
1 + 105 ... 
••••.. (2.35) 
These have been derived by a number of workers (57 -61). 
-37-
The difference between ~ and D( ia due to the non Gaussian . 
a 
character cif the chain, however it ia usually small and may be 
neglected in moat casea. Both these equationa (2.34, 2.35) can be. 
applied to systems in poor solvents near the Flory theta temperature 
but not in good solvents because of slow convergence of the series 
equation (2.1~). As yet an exact equation for large values of 0< 
has not been derived. Attempts have been made to obtain a closed 
expression and ,'s.sveral· approximation.'J have been obtained; . , . 
Flory (62) used a model in which the unperturbed chain was 
represonted by a cloud'of unconnected segments whose concentration 
waa spherically symmetrical and was a Gaussian function of diatance 
from the centre of gravity. It·was assumed the excluded volume 
effect would expand all chRin dimensions by the same factor so that 
segment distribution would maintain a Gaussiancharacter. This led to 
The Floryinteraction parameter J( is related to B by 
then equation (2.36) can be written 
<><.5_ 3 0<. = 
I C Z 
" ',',',' .(2.36) 
•••••. (2.37) 
.~~ ••• (2.38) 
{ Where VI is the molar volume of solvent and Cu and C are constants. 
The assumption by Flory of equal expansion of tho chain 
dimensions has been critcised by Krigbaum (63) and Ptitsyn (64). 
They pointed out that the most pronounced changes would be in the 
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central region of the molecular coil where segment density is 
highest. This would mean a sharper distribution function of chain 
end displacements than in. the unperturbed state. This led' 
5 Krigbaum (63) to conclude that the ration (01. - 0( 3)/M~ should 
not be molecular weight independant as implied by equation (2.36) 
but should pass through. a;.mirliIiIum as the chain length is increased. 
A second criticism is the assumption of spherical symmetry of 
chsin· segment distribution. Kurata et al (65) suggested a model in f 
which the chain segments are dhtributeduniformly within an ellipsoid 
of revolution chosen to give the same values for the principal radi.i 
of gyration as correspond to a Gaussian chain. The equation thus 
derived was 
where 
0<. = C g(o<.) z 
3 
(30<.2 ... l)'l!' 
••.•.. . (2.39) 
and the constant C is equal to 134/105 or 4/3 depending on the· 
detini tion of ~ • 
A sim'ilar equation was derived by Ptitsyn (64) 
and FiXlllan (59) 
2 
. ..c = 
2 
0.786 + [<I + 9.36z)~/4.681 
0(3 ~ 1 + 1.552 
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.••••• (2.41) 
..... . (2 .42) 
Thus there seems to be general agreement that some modification in 
the Flory expression for the long range interaction effects on chain 
dimensions is needed. 
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2.4 Theoretical treatments of viscosity 
The approximate equations of the pr~cediilg-' section in which D< 
is relnted to z, are used to estimate unperturbed dimensions of 
polymors. The first method, which may be called the Flory - Fox -
S'cnaefgen (I) method is based on the combination of visco"i ty, ut] 
rep~tt{e~h~j Inw;r\{;L, VIHb(lh( cleJ",;'.ec{ I~ red":,;,,, ;t,..{,. 
[17 J ........... ,.(2 .• 43) 
where .............. (2,.44) 
with Flory"s excluded volume equation (2 .• 36).. The substitution of 
(2,,43) and (2 .• 44) into (2,,3G) yields 
2 5 
K'3" + 2CIAH - X )K'3" W[ 1/ 1 
~ .. ~~ .•.• (2 .• 45) 
'Thus it, viscosity data are available over a wide range of M, .K 
and X can be found from the intercept and slope of the line obtain~d 
by plotting [1/ 1 i /I4t versus" M/[y)]... The unperturbed mean square 
end to end distance can readily be calculated from K since 
2-
1. 3( ro, ,.,.,.al •.• ( 2 .• 46) 
Both ~.and K are constants independent of M. Po is supposed to be 
, , 
the same for all flexible linear polymers",K :;:s :pe.clll'i'ar,' to a given 
polymer", We are therefore able to calculate the unperturbed dimension 
independently of theta conditions, 
The Kurata- Btockmayer (2) treatment is similar. ' In this case 
substitution of equations (2.43) and (2.44) into (2.39) gives 
-u-
i 
• K + 
2 1-
'3' 3 
0.363 ~Oa[g(o<.7J)1I / [T] 1 1 
••••.• (2.47) 
a is '0. - polymer - solvent interaction parameter,0I.1 'Kp"""O"\ f~."", V,{co;,fy.,J.t",-
. The awkward form of equation (2.47), however, necessitates 
a lengthier graphical prOCedure than the one of FlorY. Fox and 
Schaefgen. The same may be said of methods based on the Ptitsyn 
relation. 
A third method due to Stockmayer and Fixman (3) becomes 
apparent when we substitute eq.:mUons (2.43) .and (2.44) into (2.42) 
and put 
then, 
1 -3 11 
z = (3/2"Tt" )2 al Y-
. 1 
= .KM + 0.51 ~o BM 
........ (2.48) 
•••••• (2.49) 
a in equations (2.47) and (2.49) is related to the Flory interaction 
parameter 'X 1 by. 
• ...... (2.50) 
where V is the specific volume of polymer, V1 the molar volume of 
801 ~ent and ./1/ Avogadro • s number. 
Equations (2.33) and (2.48), and (2.87) and (2.50) are obviously 
. the same. with 
B = 
B 
2 :I 
cm 
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where'm = M/n, the averagemoleculur weight of a skeletal 
bond. c is an arbitrary constant required to express thenumoor' 
and length of effective segments, N and a, in terms of those of 
the real chain elements, nand 1. 
Stockmayer - Fixman's equation (2.49) is simple and precise, 
with the effocts of short and long range interactions separated into 
two independent terms. The.graphical treatment is simply to plot 
[111 /M~ against Ilk. The ordinate intercept o'juals K and the slope 
is directly proportional to the polymer .. solvent interaction 
parameter D. 
The procedure required for tho Kurata - Stockmayer relationship. 
2 I ' 
more involved. [1)J':r/MJ is first plotted against equation (2.47) is 
" 1 M~/(1)lJ, ignoring g(~~) and an approximate value 'of K found. This 
. allows us to calculate [1] le' 0( ~ and g(",'I.) 
(2.43) and (2.40). Then, using this result 
2 1 
from equations (2.44) 
:l 1 
replot [7J 1'3' I&IJ against 
g(o(,\)MJ /[ 1)]'3" and find an improved value of K. The convergence of 
this procedure is'rapid enough so that the final value of K is found 
in the second trial. 
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2.5 Light Scattering 
Much of the early work in the interpretation of·l1ght scattering 
was done by Lord Rayleigh who concerned himself with the scattering 
by gases. The intensity of scattered light de~,nds on tho polarizability 
of the molecules compared with that of the medium in which they are 
suspended. it depends also on their size and on their concentration. 
The equation derived by Rayleigh showed the ratio of scattered light 
to incident light to be given as follows 
= ..•. ' . . (2.51) 
where A is the wavelength of the light in 'vacuo, r is the distance 
from the observer to tho scattering centro and 0( is the polarizabUity 
of the particle. Equation (2,51) ls true for cases ·when the scattering 
centres are small compared with the wavelength. of light. It is 
assumed that the particles are isotropic and aro arranged at random 
at large distances from each other and as a result make independent 
contributions to the scattering. 
The angular dependence of scattering is given by the· term 
2 
sin e. If vertically polnrized light is used, and observations 
are made in the horizontal plane, the scattered intensity will be 
independent of angle. Incident light used for scattering experiments, 
however; is more often unpolarized rather than polarized. An 
unpolarized light beam is equivalent to the superposition of two 
plane-polarizod be·ams, independent in phase and of equal intensity, 
with their planes of polarization perpendicular to one another. The 
intensity of scattering. 10 , is therefore the sum of two terms, each 
representing the scattering trom half the incident intensity. The 
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intensitY.of scattered light to incident light may now be written 
as 
. 2 2 . 2 . 
2 "IT (1 + cos e)(dn!dc) Mc 
"" 
....... (2.52) 
(dn!dc) represents the variation of refraction indox of the gas 
with concentration, M is its molecular woight,~Avogadro's number, 
and rs the distance to the point of observation. The Rayleigh 
ratio is defined as 
= 
2 
+ cos e) 
which reduces equation (2.G2) to 
'Kc 
R 
e' 
1 
M 
Where the constant K is given by 
2 2 
,K = 271'(dn!dc) 
N"A4 
..•••. (2.53) 
•••..• (2.54) 
..•... (2.55) 
Applying Rayleigh's theory to solutions of small molecules 
gives an equation similar to (2.G4). Much of this work has been 
done by Debye (66) and his result is 
1 
.I. • ' •• M .... 
.. .... (2.56) 
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AZ' A3 etc., are the virial coofficients and the constant K is now 
modified by a term in the refractive index of solvent, " 0 ' 
K .. ,..,. .. (2.57) 
~ben the dimensions of the scattering particles exceed about one 
twentieth of the wavelength of the light used, the intensity of the 
scattered light is reduced due to dastructive interference; The 
particles can no longer be regarded as single isolated scattering 
centres. The irregularly coiled polymer particles in dilute polymer 
solutions fulfill the condition of isotropy but, especially if 
their molecular weights are large, their mean dimensions approach 
the wa\"elength of the light. Destructive interference occurs 
due to scattering from centres within the same molecule and the 
overall intensity drops. As the scattering angle drops so does 
the interforence until it vanishes as B approaches zero. To carry 
out a quantitative evaluation of this effect for a particle which 
may be represented as an assembly of N scatterers, the destructive 
interference must be averaged over all possible orientations, relative 
to the incident beam. Such a calculation gives 
P(S) 
......... (2.58) 
where p(e) is the factor by which scatter ia decreased, due to 
interference, r ij is the distance between the scattering points, and 
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where X is the wavelength of the light in the scattering medium, 
as deduced by Debye (67). 
From equation (2.58) we see that p(e) becomes independent 
of particle shape as e approaches zero and hence becomes'di~ectly 
a measure of the dimension of the polymer molecule. This is unique 
since it is the the)only measurement of dimensions which does not 
make initial presumptions 'regarding shape. 
If the solution is sufficiently dilute then the average 
distances between solute molecules will be large oompared to the 
wavelength of light, then p(e) will represent only destructive 
interference. Expanding equation (2.58) gives 
p(e) 
Lim p(e) 
e~o 
:: 
•.•••. (2.59) 
~2/r~ 1 
l' j 
The radius of gyration of any assembly of identical pSl't1cles is 
'related to the 
therefore 
r ij values by 
2 
s 
Lim P(O) ~ 
O~o 
= 
1 'k2 2 
I - 3" III 
2 2 ' 
ssin (0/2) 
..... :..(2.60) 
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... 
or, since 1/(1 - x) = 1 + x when x is small 
Lim l/P(O) 
O~O 
1 + 16 -rr2 "929in2(0/2) 
"{ 2 3(1\) , 
....•. (2.61) 
It is important to know exactly what quantity is being measured 
when dealing with'molecular weights and polymer dimensions. The 
Rayleigh ratio of a monodisperged species at zero angle is given 
by equation (2.56) as 
However polymer solutions are very 'ra'rely., if ever, monodispersed. 
For a polydisperse sample, providing the concentration is low,' the 
Rayleigh ratios of the components are additive. ,Thus 
therefore 
.". 2:. °i 2 L(A2)ioiMi 
K.2. = '+ 
R ' 20i Mi 2.Ci Mi 0 
1 2(A,,)c = Mw + .. z "., •• (2.62) 
Where, c i is the concentration in grares:, per cubic centimetre of 
each dissolved species, and Mi the corresponding molecular weight. 
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~ Ci Q C represents the total concentration. Hence, the light 
scattering method yield~ the .... ight averllllo molecular weight, 
irrespective ot tho nature ot the molecular weight distribution, 
and tho z avorage second virial coefficient. 
Similarly tor largo particles, the Rayleigh ratios are the 
sum ot the separato species 
therefore 
Re " K L MiPi(e)~i 
i. 
.••... (2.63) 
:I For small values of aili 9/2,· following the same procedure as frOlll 
equation (2.60) to (2.61) 
where 
-. 2 (s )", 
, , 
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29 -. sin _ (s ). • ., ] 
" 
.. . . 
'" ., 
'. \ , 
2 z . 
• •• ,' •• (2.6~) 
Therefore the mean square radius of gyration we have determined 
is the z average value. 
In the derivation of all the equations given above it has been 
assumed that the scattering particle is optically isotropic. When 
the scattering particles are anistrop~c o scattering at 90 is no 
longer completely plane polarized. Polari7.ablllty will vary with 
direction and the two vectors will not coincide. As a result, the 
light scattered normal to the incident beam is no longer completely, 
polarized in the vertical plane but reinforced by an additional 
horizontal component. The scattering is therefore greater than 
theoretically expected and the ratio of horizontally to vertically 
polarized light is not zero. This ratio' is known as the depolarization 
ratio" p". where the subscript u denotes unpolarized light. 
u 
Cabannes (69) has shown that the excess scattering due to 
ani sot ropy may be related to the depolarization ratio 
C = 
6 ... 6 P
u 
6 - 7 P 
u 
.......... (2.65) 
Geiduschek (70) has suggested that in most cases where non zero 
values of P have been reported it is not at all certain whether 
u 
the measured values ot P reaUye"retlects anisotropy. However u .. 
as Peaker (71) explains depolari7:ation may also arise due 'to the " 
finite size ot the scattering particles, this being an effect 
independent of anisotropy. It may be large tor small molecules 
(for instance benzene at 250 C is 0.4) however polymer molecules usually 
show very little depolarization in excess ot that arising trom the 
solvent. The largest observed has been 0.04 for polystyrene in 
methyl ethyl ketone (72). It depolarization is appreciable then 
it will influence the angular distribution ot scattering and will 
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have to be corrected tor as described above. 
The sensitivity ot the light scattering method depends 
on the magnitude ot the constant K; equation (2.57), which 
in turn depends on the square ot the ditterence between the 
retractive indices ot the solute and ot the solvent. Betore 
scattering intensities can be converted to molecular weights, the 
scattering at zero concentration and zero angle must be tound since 
equations (2.56) aiui (2.61) are only valid when extrapolated to zero. 
Both extrapolations may be pertormed graphically on the same plot 
by the method 6t Zimm (73,74). "This is explained tully in section 
3.2." From such a plot the weight average molecular weight is 
obtained, the z average end to end distance and the z average 
second virial coetticient. 
Both polydispersity and erancli:ingetiect the angular 
distribution ot Ught scattered by a Gaussian co11. As a result 
the" zero concentration line is no longer asymptotic and the deviation 
trom ideal.behaviour is marked by ~urvature. The initial slope ot this 
line will give the radius ot gyration or end to end distance ot a chain 
having z average molecular weight. Benoit (75) has show" that the 
ratio ot the initial slope So' to the slope ot the asymptote, SO'. 
characterises the breadth ot the molecular weight distribution 
since 
s o • 
s;" 
, ....... (2.66) 
where N represents the degree ot polymerisation. ConseqUl.ntly the 
determination ot 101 • the z average molecular weight readily tollows. 
z " 
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2.6 Viscosity. 
High polymer molecules have the property of greatly increasing 
the viscosity of the liquid in which they are dissolved, even when 
present at low concentrations (although there are a few remarkable 
exceptions). The higher the molecular weight within a given series 
of linear polymer homologs, the greater the increase in viscosity 
as concentration is increased. Hence, viscosity measurements 
afford a measure of molecular weight, This is not an absolute 
value tor the molecular weight since the dependence of intrinsic 
viscosity on molecular weight must be established in each individual 
case by comparison with molecular weights determined by an absolute 
method. 
The viscosity of a polymer solution depends also on the size 
of the polymer molecules in Solution. However, to derive a 
meaningful relationship the concentration of the solution must be such 
that there is no entanglement between the different polymer molecules. 
On the other hand size also depends on the thermodynamic interactions 
between solvent and polymer as described in section 2.3. The 
relationship between size, as expressed by the expansion factor ~ 
and the solvent-polymer interaction constant is given by equation 
(2.36). It would be expected therefore for a polymer solution in 
a good solvent to have a higher viscosity than in a bad solvent, 
provided solvent within the polymer coils moves largely with the 
polymer. 
Since the increase of viscosity is very small at low concentrations, 
the best procedure is to measure it at several concentrations and then 
extrapolate some function of it to zero concentration; 
The ratio of the viscosity 1/ of a solution to the viscosity 
1/0 of the pure solvent is called the relative viscosity and is 
~_n~~ 
•••••• (2.67) 
The relative increase of the viscosity with respect to solvent is 
call,,<1 the specific viscosity and is denoted by 
.. YJ sp = 1) -1)0 
1)0 
-n ._ 
~--:: , J 
. n 
and the intrinsic viscosity is defined by 
[1) 1 = Um 1)sp 
c-tO c 
1 , ...... (2.68) 
•••••• (2.69) 
The latter term is the most significant of the various quantities 
as regards size and shape of the polymer molecules on the viscosity. 
is a measure of the specific capacity of the polymer 
to increase the relative viscosity, and the limiting value of this 
ratio at infinite dilution is called the intrinsicviscod ty. 
A number of empirical ,relationships showing concentratio~ 
dependence of viscosity have been proposed. Iluggins (76) showed 
that 
•••••• (2.70) 
i 
where k. is approximately constant for a series of polymer homologs 
in a gl ven sOI,vent. 
the intrinsic viscosity may also be defined (76) as follows 
= 
.•.••• (2.71) 
and when the natural logarithm series is expanded equation. (2.69) 
becomes equivalent to equation (2.71). It follows from equation 
(2.70) that 
ln1)a 
o 
•••••• (2.72) 
where It" .. k' -~. Generally k" is negative and smaller in magnitude 
than k' • consequently In 1] Rlc changes less rapidly with concentration 
than 1] sic. 
The dependence of intrinsic viscosity on molecular weight was 
expressed by an empirical relationship by Mark and Houwink (77) 
[1] 1 •••••• (2.1.3) 
K and a are constants for a given polymer solvent and temperature. 
Equation (2.73) has been found to apply to a lar.,o number of p<)lymor 
solvent systems (with fractionated pt>lymers) over 'vide ranges of 
molecular weight. Once K and a have been established, the 
measurement of [7]] provides a convenient method of determining 
the molecular weight of the sample. 
The equations so far apply to homogeneous polymers or 8t.least 
narrow fraotions. In dilute solution the second term of equation 
(2.70) is negligable and the specific.viscosity is proportional to 
the concentration. For a polydisperse sample the contribution to 
the specific viscosity of individual molecules can be considered to 
be. additive, thus 
rJsp = 
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where i is the number of species. According to equation (2.73) 
we may write 
1'\ = K '" Miaci " sp L 
i 
and since this solution is extremely dilute 
[1) 1 = 
where c = ~ciiS the total concentration of the polymer species • 
. i . 
If we now define the viscosity average molecular weight M1 as 
follows 
where wi " ci/c is the weight fraction of speCies i in the 
polymer and Ni is the number of molecules of that spocies, then 
[17 1 " Kia v. •••••• (2.74) . 
The intrinsic viscosity is most frequently used in characterization 
of moleCular weights of flexible chain polymers. It is also frequently 
'. employed for. the estimation of the dimensions of the molecular coil. 
The hydrodynamic properties of polymer molecules in solution are 
determined by their dimensions. This dependence is, however, 
often complex and two treatments are commonly used. One, due to 
Debye (32) where the polymer chain is treated as a free draining 
coil. Secondly due to Flory (54,62) where the polymer chain is 
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considered to be an impermeable coil and 18 thus equivalent 
to a solid sphere.· 
The most convenient model of a polymer molecule for this 
treatment is the 'pearl neCklace' model in which the chain consists 
of a·number of beads joined by rigid links. 
Let us first consider the free-draining coil. The pearl necklace 
consists of x number of spherical beads of radius a. From 8tol(e8' 
law the force F'acting on one of these beads in a liquid of 
viscosity 1] and relative volocity v is 
o 
and the frictional coefficient F is given by 
F = 
F' 
- = v 
........ (2.75) 
......... (2.76) 
The frictional effects acting on the beads give rise to a torque 
tending to rotate the coil. When the molecule rotates, however, 
new frictional forces are brought into play as segments in the 
upper and lower portion of the coil move across the field. For 
dynamic stability the sum of the torques acting on the molecule 
must be zero and as a result the molecule reaches a compromise 
by rotating with an angular velocity, w, equal to half the shear 
gradient, q, of the liquid i.e.. w % q/2. A complete derivation 
of this has been given by Debye (32) in his original treatment. 
The velocity at any point in the rotating molecule relative 
to the flowing solvent is sq/2 where s is the distance of the 
point from the centre of the molecule. For the free-draining 
model sq/2 is also the relative velocity of the medium in the 
viCinity of a bead since we assume that frictional effects of the 
beads are small and the motion of the surrounding medium is only 
_r...12_ 
vory slightly disturbed by the movement of the polymer ~olecule, 
relative to the medium. The frictional force aoting on a bead 
is Fsq/2 and the rate of energy, E, dissipated by the aotion of 
2 the bead is the produot of the force and the velocity, or F(sq/2) • 
The total energy dissipated per unit time by the molecule is therefore 
the, sum of each term for the beads, hence 
dE 
- ~ dt .••... (2.77) 
If the polymer concentration is cg/cc, c/V/lA is the number of 
polymer molecules per cc. The total visoosity is therefore 
·.·.-.· ... (2.78) 
where M, = M/x, the molecular weight of a' bead. The intrinsic' 
o 
viscosity, which is defined as the Umi ting value of <1} - 1J 0)/1} oc 
at infinite dilution, lIee equ,ations (2.68) and (2.69), for a free 
draining molecule is given by 
[7) 1 3 == -;r a 2 , N M 
o 
2' 
s •• ~~ •• (2.79) 
2' Hence the intrinsic viscosity is proportional to,s, the mean square 
radius of gyration, which, according to equation (2.1) is proportional 
to 
'-
r2 ~ ~ 2 r2 and,thus to the molecular weight. 
o 
Disregarding 
the effects of intramolecular interactions on chain configuration 
we may write 
(7)]ci. M ....... (2.80) 
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Since Di. 2 normally increasog with M,the intrinsic viscosity of 
a free draining linear molecule should increase with M raised to· 
a power slightly greater than unity. Experimentally it may be 
shown that it is in fact less than prodicted by a factor of 0.4 
to 0.5, and therefore casts doubt on the free draining approximation • 
. This led Flory (54,62) to propose his model of the impermeable 
coil in which solvent in the interior of the molecule moves with 
the polymer beads as though it were part of the polymer.. The 
average extension, of the molecular coil is the same in every 
direction and the impermeable coil can be regarded as an equivalent· 
hydrodynamic sphere of radius R', impenetrable to solvent, and ·having 
e, . , 
. the seme frictional coefficient, :/. .. , as the actual polymer molecule, 
o 
which is 
According to Einstein's viscosity equation 
where 02/V is the number of molecules per unit volume and 
, . 3 
Ve r. (4-rr/3)R • 
, e 
Or putting n2/v u cJVflOOM where c is the concentration in g/dl, we 
find 
[ 1] 1 -- 0.025 •••••• (2.82) 
, I 
, 
Assuming that Re is proportional to the average size of the polymer 
7. ~ .. 
molecule e.g. (s') , then in the absence of volume effects Re is 
proportional to M~ and therefore so too is the intrinsic· ',;i'scoSi'ty 
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[7} J cl.. II~ •••••• (2.83) 
Taking volume effect into account~ R" and therefore [1] J should 
-' e . I 
increase more rapidly than 11' in accordance with experimental 
observations. 
As a result neither equations (2.80) or (2.83) are st~ictly, 
true. In fa~t equation (2.74) with 'a' tak1~ a value between 
0.5 and I.,? hoLers for ~ost long flexible chains. Kirkwood and 
Risaman (78) and Debye and Bueche (79) suggested that a real polymer 
molecule will have large frictional interactions and will be intermediate 
between the permeable and impermeable model, consequently variations 
in 'a' were thought to be due to partial permsabili ty. Their treatment 
is to consider again a stationary polymer molecule in a moving 
solvent with the shape, of the coil remaining undisturbed. The 
innermost segments of the coil are considered to be shielded so that 
solvent flow near the centre is very nearly stationary, but on 
moving outwards its velocity increases. Therefore a transition 
region occurs at some distance from the centre of the molecule, 
where the velocity of the solvent relative to the molecule increases 
from zero to a value approaching its external value. The position 
of this region will depend on the number and distribution of the beads 
and on the frictional coefficient P of a bead. In fact the variable 
P/7}o is' a more useful one to use being independent of, 7}0' It can 
, be varied by altering the diameter of a bead, though at the same time 
keeping the nUlllber of beads and their distribution fixed. It PI 1) 0 
is decreased solvent flow will penetrate closer to the centre, 
leading eventually to the free draining model. If P/7} 0 is, increased 
, , . 
solvent penetration w111 decrease, and, if sufficiently large, only 
the, outer fringes of the molecule will be permeated by the flow. 
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Any further increase in F/110 will not cause much change, in the 
penetration of solvent. Therefore the frictional coefficient, f~, 
of the molecule, at fixed 1)0' should beCome independent of the' 
frictional coefficient, F, of a bead, at sufficiently large F/1)o. 
It depends in general on the size of the molecule, represented 
by the root meimsquare distance (s2),2 of a bead or segment 
from the" centre of gravity; the number' of beads, x; the nature of 
their distribution; and F/1)o. Since it is directly proportional 
to the viscosity of the medium the' dependence of f',.ll1 on 
o '10 
these variables as given by Flory (54) is 
" is a dimensionless function of the above variables wtth ~n upper 2', " 
asymptotic limit as F/7Jo and / or x increase while (13 ), remains 
constant. Since the effects 'of F/7J and x are similar they may 
o , 
be replaced by their product, having the dimensions of length. Since 
the function if mUst be dlmenSionless it may be assumed to depend 
on the variable' xF/1) 0(S2)~, and equation (2:84) becomes 
, f, ~I Tl 
o '/0 =(S2)~ ! (x F/1)o (s2), ) " 
. . . . •••••. (2.85)· 
The molecular frictional coefficient should depend only on the 
size and not otherwise on the nature of the polymer, hence 
•••••. (2.86) 
pi is the limiting value of the function f. It should be the same 
for all polymers in all solvents providing they are'Gaussian 
_ I!n __ 
i.e. their segment spatial distributions are similar. Equation 
(2.86) can also be written' 
•••••• (2.87) 
-' ') 2 
since for a randomly coiled chain s~ ~ r 16 which would give 
p ~ P·/(6)~. 
Returning to the Kfrkwood Riseman (78) model of the partially 
permeated coil, the molecule rotates with an angular velocity w = q/2, 
assUl1lirig it to behave as if rigid. Solvent within the molecule w111 have 
the veloc1ty of ,the chain segments, and permeation of the molecule 
by surrounding liqu1d is less the greater F/1)o' Also the greater 
the disturbance in the sol vent caused by increasing F/1) 0 1s 
compensated for by a decrease 1n the number of segments subjected 
,to the counterflow of the solvent. Their theory leads to 
3 .:.... 3 
[1) 1 = (-,r/6)2 (H/loo) XY (X) (i/IM 
•. . '" .(2.88) 
where (1) 1 is in dl/g and 
and Y(X) is a function of X. The intrinsic viscosity depends primarily 
-~ 
, 2.z. 
on the ratio (r ) IM. Secondarily it depends on a function XY(X) 
similarly to that in the functiOll ! of equation (2.85) for the 
frictional coefficient fo" At large X, that is if XF/1) 0 is 
5ufficiently'large, XY(X) approaches'the asymptotic limit 1.588, 
wh1ch leads to the conclusion that for polymers with molecule weight 
greater than about 10,000, XY(X) should be at or near the limiting 
value. ThEm, in annlogy with cquat1ol),with, equation (2.85) 
•••••• (2.89) 
where 
3 ! = 0.01588 ("7f"/6)~.N = 3.6 x 1021 
.....• (2.90) 
Like P above i is, independent of the c~aracteristics of the given' 
chain molecule apart from it being spatially arrallged as a randomly 
coiled ch.1in molecule. In analogy to equation (2.86) we may write 
•••••• (2.91) 
3 
6~!. ' 
According to Kirkwood and Riseman, the intrinsic viscosity is 
c,onsidered to be, proportional to the ratio ot the etfecti ve vol\llOO 
of the molecule in solUtion, divided by its molecular weight. 
Possibly the best theory to date of molecular weight dependence on 
viscosity of dilute polymer solutions is that of Flory and Fox, (55) • 
They pointed out that the excluded volume so far neglected could 
result by itself 
quanti ty (r2 )~ 
in, 'a' taking any value from 0.5 to 1.0. The 
was split ,into its component 
3 
« • Equation (2.89) rewritten then becomes 
"2 3 factors (r )Z and 
o 
•••••• (2.92) 
Since r2/M is independant of M for a linear polymer ot a given unit 
o 
structure (see section 2.3), we may write 
KM~ 0( 3 
•••••• (2.93) 
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where 
K = •• , ••• (2.94) 
Equatiori'(2.94) is obviously the'same as equation (2.46),the term 
l merelyrepres';nting the universal con~tant'when the polymer has 
its unperturbed dimensions, as denoted by the subscript zero., 
Originally, ,the Kirkwood Riseman treatment, equation (2.90) 
gave a value of 3.6 x 1021 for the universal constant, where r 
is expressed in ems., 14 in units of molecular weight and intrinsic 
viscosity in decilitres per gram. This has since bOen corrected by 
Kirkwood, Zwanzig and PlOClt (80) to give 3.36 x 1021 • Flory (54), , 
collected at the time, ,the available data of several workers, and 
, ~ 21 ' 21 found~ values ranging from 1.95 x 10 to 2.6 x 10 with a mean 
at 2.1 ~ 0.2 x 1021 • At the same,time,he pointed out that it is 
important to Use well fractionated samples otherwise there is 
uncertainty in the nature of the averages of the measured quantities 
(r2)~ h 1 21 and M. As a result he suggested that t e value 2.1 x 0 
should be 15 - 20% greater and proposed the figure 2.5 x 1021 •. This 
was later obtained 'from experimental data by Flory et al (81). 
According to more recent theoretical calculations of Auor 
and Gardner (82) and Zimm (83), the asymptotic limit of the function 
XY(X)irioquation (2.88) has the value 10259 which leads toa 
theoretiCal: value. of! of 2.87x 1021 • It 1s this value that has 
been used in the 'subsequent calculations. 
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2.7' Osmometry 
Osmotic presure is, next to viscosity, perhaps the most 
widely measured property of polymer solutions. It is used to 
, obtain either molecular weights or information on the thermodynamic 
properties of the solution (84). 
If a solution is covered with a layer of pure solvent then the 
two layers will gradually mix by diffusion until the solute concentration 
is uniform throughout the system. With osmosis, however, We are 
dealing with a system in which the solution is separated from pure 
solvent by a barrier permeable only to solvent molecules. The 
activity of the solvent in the solution is less, than the activity 
,of Solvent in pure solvent, thus. the thermodynamic basis of osmotio 
pressure can readily'be seen. There'results a spontaneous tendenoy 
for the solvent to move from the relatively high free energy state of 
the pure solvent to the relatively low free energy state of the solution, 
until equilibrium is reached and the solutions either side the 
membrane are at the samo chemical potential. This can only occur 
by pressure build up on the solution side. 
Experimentally, equilibrium can be attained more rapidly by 
applying an external pressure to oppose the liquid flow through the 
membrane. If the pressure is applied on the side of the solution the' 
activity of the s91vent in the dilute solution may be restored to 
that of the pure solvent. The pressure that will just do this so that 
there is no movement across the membrane is equal to the osmotic 
pressure or. The change in activity with pressure is given by 
-
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where Vl is the partial molar volume of the solvent, which for 
the dilute solution may be replaced by ,the molar volume Vl of the 
pure solvent, and xl is its mole fraction. Thus, at osmotic 
equilibrium 
, Vl is independent of pressure for the minute pressures involved 
•.••.• (2.95) 
For an ideal solution, which is sufficiently dilute, solvent 
activity is equal to the mole fraction, al 
is very near unity 
-lnx 
, 1 1 - x 1 = 
On substituting equation (2.96) into (2.95) 
-rr/c ';:; RT/M 
•••••• (2.96) 
•••••• (2.97) 
M is the molecular weight of the solute and c its concentration in 
glee. At infinite dilution, this leads to Van't Hott's limiting, 
law for osmotic pressure 
= ...... (2.98) 
The particular average molecular weight obtained from this 
measurement requires definition. For a mixture of macromolecules 
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with molecular weights M2 , Ma' •••• etc., present at concentrations 
c 2 ' !il' .... etc., the right 
RT 2.. ci/Mi' or, where c = 
i 
concentration ing/cc 
hand side of equation (2.98) becomes 
~1 1s ,the total macromolecular 
L 
i 
Since c
i 
is proportional to NiUi where Ni is the ,number of moles of 
the ith solute we have 
(~tu 0 = RT = !!! ii 
n 
.... ., "-, 
•.•••. (2.99) 
hence osmotic pressure is a measure of the number average molecule 
weight. 
If the solutions behaved ideally, Van't HOff's la~~ ,~quation 
(2.99), would apply and ~/o should be ,independent of c. However, 
due to the'large effective size of th~ polymer moleoules in solution, 
and the interactions which set in between them at low concentrations, 
the solutions cease to behave ideally and ~/c increases with o. It is 
therefore necessary to extrapolate to infinite dilution for the deter-
mination of molecular weight. Several workers (85,86,87) have shown 
ha,!, osmotic pressure may be expressed as a funotion of conoentr,ation 
2 
+ A3C 2 + ••• ) 
•.•... (2.100) 
where A2, A3 eto., are the seoond, third etc., virial ooefficients 
and are given by equation (2.23) according to the Flory-Huggins theory. 
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2.B Dielectric constant and dipole moment 
Since molecules comprise of charged units, much of the 
behaviour of molecules is understandable in terms of electrical 
interactions. Quantum mechanics reveal the electron distribution 
of a molecule and can deduce how an assembly of charges making up 
a molecule would react with other molecules, or with the surrounding 
medium, or with an electric field, However, such applications of 
quantum mechanics cannot be made except for the simplest systems. 
Experimentally, the investigation of dielectric properties provides an 
important approach to an understanding of the structure of matter 
by employing cH.llllical mechanics. 
The dielectric constant of a medium is a measure of its 
polarizability, that is, the polarization produced in the. medium 
by the action of an electric field. It is interpreted at molecular 
level, the polarizability being attributed to an average contribution 
~ from each molecule. It is a complementary function being made up 
from the distortion of the charge distribution within ihe molecule, 
from the orientation of the permanent dipoles within a molecule 
and in an ionic media an additional contribution due to the displacement .. 
of ions relative to one another. Wo shall only be concerned with 
the uso of diolectric measurements to measure dipole moment, that is 
the first and second of the three phenomena given above. 
A relationship known as the Clausius-Mosotti equation has been 
derived (BB) .which relates polarizability.,( to. the dieloctric 
constant of the material 
e - I 
e + 2 
M 
d 
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= 4-rr'!vct. 
3 
•••.•• (2.101) 
where d is the density, diM is the number of moles per c.c. and 
(diU) .IV the number of molecules per c.c. e is, the dielectric 
constant and may be defined by 
e •••• , •.• (2.102) 
where Co is the capacitanoe of the condenser in vacuum and C the 
capacita'nce with dielectric material. 
Debye (89) went further by showing that thepolarizabi1ity 
was made up, of the permanent and induced effects such that, 
0<.. + 
o 
•••••• (2.103) 
Then a more 'general expression than equation (2.101) is obtained by 
substituting equation (2.103) 
e - 1 
e .. 2 
2 
+ .A 
3kT ) 
•••••• (2.104) 
This is known as the Debye equation and a derivation of it is 
given by Smyth (90). 
The limitations of the Debya equation have been shown (91-93) 
in that moments calculated from gas dielectric constants and 
trom solution dielectrio oonstants differ. The application ot the 
Debye equation to dilute solution is an approximation since polarization 
cannot be treated as linearly dependent uponfi .. ld strength as 
Debye suggested. The interaction of a molecule with its environment 
must be taken into account. 
Development 'of the theory ,by Onsager (94) took into acoount 
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" , 
the long range dipolar interaction between molecules, : His equation 
based on the assumptions of spherical molecules and negligable' 
short range interactions is 
(8 - 8 ) (28 ... e ) 
o CD 0 CD = 
9 (9 ... 2)2 
o '" •••••• (2.105)' 
, where N is the number of molecules/cc as defined above, e is the 
, ," 0, 
limiting low frequency dielectrio constant as found experimentally 
from equation (2.102), e"" is the limiting high 'frequency dielectrio 
constant and z the degree of, polymerisation. At high frequency, 
~nere the dielectric constant is independent of the permanent dipoles 
it can be measured directly as the square of the refractive index of ' 
the material. Hence 
e", 
2 
••••.• (2.106) n 
Guggenheim (95) has developed an equation whereby solution 
moments are caloulated from polarization values obtained by extra-
polating to infinite dilution the variations of dielectrio oonstant 
and refractive index with concentration. Smith (96) to,ok 
Guggenheim's equation one step further and showed that since 
, solutions are usually made up by weight; tHe simPlest; fom of 
expressing the oonoentration is by weight fraction w2 of solute. 
This eliminates the measurement of solution denSities and allows 
the Guggenhein-Smith equation to be written as follows 
1::.
2 
" 
z 
27kT 
4:;;:::v 
•••••• (2.107) 
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where ~ and n1 are the density and refracti ve index of sol vent 
"0 is molecular weight which for a polymer i8 the molecular weight. 
of the repeat unit and 
de 
dW2 
and v .. ·2 dn 
dWa 
• ••••• (2.108) 
;"d..", 
where ~ and v represent the variation of refractiveAand dielectric 
constant of the solution with concentration. 
This method can be appUed to large and small molecules, but 
the correction for distortion polarization contained in the second 
term in the bracket, i8 probably less accurate than in the Onsalter . 
method. 
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CHAPTER 3-' 
EXPERIMENTAL' 
3.1.1 Sample synthesis 
8zwaro (97) has shown within the last 15 yoars that certain 
polymerisation reactions, involving carbanions as active species, 
exhibit a complete absence of chain termination. These systems 
are therefore unique, in that each growing chain will continue to 
add monomer units as long as there is monomer left to do 80 and 
hence the chain length is determined by the ratio between the 
total number of monomer units polymerised and the number ot active 
chains present. This condition will only apply in the absence ot 
any Component which can react with these carbanions e.g., water, 
acid~,alcohol etC. 
Cyclic oxides have been shown to polymerise via cationic 
centres in this type of system and it is with members ot the 
poly (ether) series that we are concerned with here. They are 
, Monomer Polymer Abbreviation 
-f-CH - CH - CH - 0 -+.:-2 2 2 n P.Tri.M.O. 
oxacyclobutane poly (trimethyleneoxide) 
P.Tetra.M.O. 
tetrabydrofuran, T.R.P. poly (tetramethyleneoxicte) 
o ,does not homopolymerise P.Penta.M.O. 
tetrnbydropyran, T.R.P. 
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o does not homopo1ymerise P.Hexa.M.O. 
oxacyc10\leptane 
Two members of the series under investigation are P.Tri.M.O. and 
., 
P.Tetra.M.O. A wide range of samples of both polymers have been 
prepared and studied and their synthesis is described below. Attempts 
were also made to obtain P.Penta.M.O. and P.Hexa.M.O. 
, , 
3.1.2 High vacuum apparatus 
Very rigorous experimental conditions are required in poly-
merisation work in order to obtain quantitative data. An apparatus 
is required with which it is possible to remove all impurities that 
can react with either the initiator or the growing polymers produced. 
Some impurities such as water can be removed by ensuring thorough 
drying of reactants. IIowever for the reaction studied here traces 
of carbon'dioxide.water and oxygen from the air must be excluded. 
A high vacuum apparatus permits these rigorous experimental conditions. 
The vacuum system employed (98) is shown in Fig.2. It is basically 
composed of an oil pumP. A, capable of giving a vacuum of the order 
-1 -2 10 to 10 mm of mercury. This pump acts as a backing pump for 
the mercury diffusion pumP. B, which reduces the pressure in the 
-5 
system to better than 10 mm of mercury pressure. A liquid nitrogen 
trap, C. is used to condense any condensable gases so that the 
pressure measured by the gauge. E. is that of the noncondensable 
gases. In the absence of appreciable amounts of noncondensable gases 
a volatile material can be rapidly transfered from one region to 
another. provided the second region is colder than the first. This 
ability of a volatile material to distil to a colder region is used 
in order to transfer monomer etc •• within the vacuum line. 
All materials employed were therefore rlegass:e'd prior to any 
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subsequent operation such 8S drying or distillirig. The degassing 
procedure is as follows. The flask containing the liquid to be 
degassed was connected to the vacuum line and cooled until frozen. 
After evacuating for 5 minutes it was allowed to thaw out to room 
temperature. The freeze, pump, thaw procedure was repeated until 
all gas had been pumped off as indicated by the vacuum gauge 
showing no change. 
3.1.3 Poly (tetramethylene oxide), P.Tetra.U.O. 
Tetrahydrofuran, T.R.F., polymerises to give a polymer called 
polytetrahydrofuran, or as noted above, P.Tetra.M.O. The method 
adopted is that ot Dreyfuss and Droyfuss (99) in which the poly-
merisation of T.R.F. is brought about by p - chlorophenyldiazonium 
hexafluorophosphate catalyst. 
Cl I" . 
Phosfluorogen A. 
The catalyst, refered to from now on as Phosfluorogen A, was obtained 
as a crude red brown material (100). It was purified by recrystallisation 
o from water at 0 C and after pumping dry for 24 hours was obtained as 
o 
white crystals, (melting point 152 C). T.R.F., and otmethyl styrene 
were stirred and stored over calcium hydride on the vacuum line for 
2 days. After thoroughly degassing, as described above, the appropriate 
" amount of methyl styrene was passed over onto a sodium-potassium 
.. 
(3 : 1) amalgam, such that amalgam was always in excess. The 
T.R.P. was then distilled over the sodium-potassium/otmethyl styrene 
complex where it was stirred for a further 24 hours as a final 
purification step. A known amount of catalyst was placed in the 
polymerisation ampoule and then transfered to the vacuum line and 
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evacuated. A middle fraction of pure monomer was then distilled 
into the polymerisation ampoulo and the ampoule sealed of! and 
separated from the apparatus. ,It was placed 1n a bath at 500 C 
o for approximately 30 minutes and then thermostated at 25 C for 
the re(luired polymerisation time. Both purification and polymeri-
~ 
sation were carried out at pressures of 10 mm of mercury or 
better. 
The polymer was obtained as a crude brown mass. It was 
dissolved up in T.H.F. containing 10% acetic acid, to terminate 
the reaction, and then 'precipitated with methanol and filtered 
off. This was redissolved in bon~ene. To ensure the polymer 
was free of monomer and catalyst, it was reprecipitated with 
methanol, filtered off again, dissolved up in benzene, and freeze 
dried for 3 days. 
A series of samplos covering a range of molecular woight were 
produced. Molecular weight is a function of the amount of catalyst 
used and by appropriate adjustment of catalyst concentration, 
variation in molecular weight is achieved. 
As shall be discussed more fUlly in chapter 5, the polymerisation 
procedure was varied in an endeavour to obtain monodispersed polymers. 
Attemps were made to 'seed' the monomer, so called because catalyst 
was dissolved in the minimum amount of monomer required, thus forming 
many active growing centres of short chain length. Polymerisation 
proceeded when the rest of the monomer was transfered over. 
3.1.4 Poly (trimethylene oxide), P.Tri.M.O. 
The polymerisation of oxacyclobutane to give P.Tri.M.O. is 
similar to that above in so far as it is a cationic process initiated 
by Phosfluorogen A. Freshly recrystallised catalyst wns uscd. 
Oxacyclobutane monomer was dried over calcium hydride before 
distilling onto the sodium-potas9ium/~methyl styrene complex. 
· A middle fraction of pure monomer was then distilled into the 
polymerisation ampoule containing pre-calculated amount of catalyst •. 
Since Phosfluorogen A is very soluble in oxacyclobutane, it was only 
necessary to hold the ampoule at 500 C for a short time •. The ampoule 
was sealed, placed in a thermostat at 500 C for 5-10 minutes and left 
o 
to polymerise at 0 C. A series of polymers were made with polymerisation 
times of up to 24 hours. 
The polymer was separated from catalyst after the method of Rose 
(101). Crude P.Tri.M.O. was dissolved in a 10% acetic aCid/diethyl 
ether solution to isolate the polymer and terminate the reaction. The 
ether extract was washed with 20% sodium hydroxide solution and then 
several; times with water. It was thlm left to dry over potassium carbonate. 
The polymer was precipitated from the dried ether extract by cooling 
o down to -80 C. It was filtered off in a nitrogen atmosphere and then 
redissolved in benzene. The pure polymer was finally obtained after 
freeze drying for 3 days. 
3.1.5 Poly(pontamethylene oxide) and poly (hexamethylene oxide) 
Attempts were made to synthesise P.Penta.U,O. and P.Hexa.M.O. 
from tetrahydropyran and oxacycloheptane respeotively. Purification 
o procedures were as before and initiation was undergone at 50 C for 
30 minutes as in the case of T.H.P. Polymerisations were attempted 
o 0 
over a wide range of temperature, -70 C to +55 C, but no high polymer 
was formed. 
3.1.6 Poly (3-chlorostyrene) snd Poly (4-chlorostyrene) 
Both samples of poly (3-chlorostyrene) and poly (4-chlorostyrene) 
were used, as prepare~ by Dr. R.E, Wetton. They were obtained by 
heating respectively highly purified 3-chlorostyrene and 4-chlorostyrene 
o C'>J: '_:..'~~ 
to 80 C, until 20% polymerised. The polymers were freed of 
~. 
monomer by precipitation from benzene solution using methanol as precipitant, 
and dried under vacuum. 
-75-
3.2 Light Scatteri26 
3.2.1 The Instrument 
A Sofica light scattering instrument was used throughout and tull 
details of its design etc., are given in the manual (102). The 
essential features sre shown in Fig. 3a. 
Light is provided by the mercury lamp, A, and, atter passing 
through a series of slits, prisms, lenses and filters is obtained 
as a narrow, parallel, sharply defined primary .beam free trom stray 
light. The light was unpolarized and a green filter was used to 
o 
give light of wavelength 546IA. The vat liquid, Ii, in which the 
cylind'ricall cell, E, is immersed, is dependent upon polymer solvent, 
but as far as possible is chosen to have a similar refractive index 
as the cell wallS, so that no correction is needed for back reflection 
at the glass surtace. The scattering cells, made from optical glass, 
are accurately cylindrical and polished. The cell rotates with the 
thermostat about the centre of the turntable. The vat liquid may 
o be thermostated to within 0.1 C, for working at precise temperatures. 
For temperatures below room temperature coolant is passed around the 
vat via the coolant tubes, F. 
The scattered beam is·tetlected upwards and then horizontally 
to a photomultiplier, G, by total-reflectance prisms, B. Any incident 
beam remaining after paSSing through the cell is absorbed in a glass 
filter placed at the end of the vat to reduce reflection at the trap 
end. 
To eliminate the effect of fluctuations in the light source, 
the intensity of the scattered light as measured by the photomultiplier, 
G, is compared to the intensity ot a portion ot the incident beam, 
measured by an ordinary vacuum photocell,C. The ratio ot the currents 
is measured by passing them in opposite directions through a 
potentiometer. 
\ 
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Scattering was measured at various preselected angles ranging 
o 0 from:O - 150 to the incident beam. For a given angle the cell 
was rotated and the scattering obtained as the average of several 
readings. This, it is hoped, would eliminate any errors due to 
imperfections in the cell walls. 
3.2.2 Clarifieation of solutions 
The complete removal of extraneous matter is an essential 
tor good light scattering results. ,Polymer solutions will contain 
contaminants of varying size, all of w~Ch will cause erroneously 
high scattering values and consequently talse results. 
A,R, grade solvents were used and these were further ~urifYed 
by doubly distilling and drying over sodium. ,They were then rendered 
dust tree by tiltering under pressure through t~o Oxoid membrane 
filters (standard grade 3.1 mm. grid) placed either side a sintered 
glass tilter. All glassware was thoroughly cleaned then washed 
with dust free solvent. ,several, workers"(103,..105) have gone into 
great detail Over the cleaning procedures necessary for solution 
and glassware in light scattering work. A simplified version of 
Thurmond's (l03) solvent spray was designed for removing the final 
traces of dust from the scattering cell. .Polymer solutions, made up 
trom dust tree solvents, were centrifuged in·a Janetski T 24 high 
speed centrifuge at 10,000 r.p.m. for 2 hours. The top portions 
Were then transtered by dust tree pipette to the scattering cell. 
All subsequent dilutions were made in situ by adding the appropriate 
amount of col vent and stirring wit~ a dust free glass stirrer. 
3.2.3 Calibration 
Light scattering is an absolute method ot measuring molecular. 
weight, however the Sofica instrument does not give absolute intensities 
since there is no direct monitoring of 1
0
, the initial light 
intensity, and a calibration procedure is necessary. The scattering 
of benzene has been very widely studied and its Rayleigh ratio, RgO ' 
has now been preoisely given (lOG). The angular scattering 
intensity of a benzene sample was checked against ,the calculated 
values obtained from the Einstein equation 
'" [ , . (1 - p ) l·,n .,., u le = 2 (l ". Pu) cos,e 
...... (3.1) 
where P Is the depolarisation ratio as defined in section 2.5, 'and 
u 
the two values are oompared in Table 3.1. 
Table 3.1 Angular scattering intensities of benzene 
-
e le (theoretical) J le (oxpt) 
150 260 255 
142.5 210 202 
135 170 168 
120 127 1~6 
105 lOG.5 106 
90 100 100 
75 106~5 106.5 
60 127 126 
45 170 167 
37.5 210 ,203 
30 260 260 
, 
For routine operation this is an inconvenient method of checking 
the calibration of the instrument.' In practice a simple method 
was to u~o the glass standard as supplied with the instrument, for 
all further measurements. 
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3.2.4 Treatment of data 
The data was subjected to the double extrapolation method 
due to Zimm (73). 2 is plotted against sin 9/2 + kc 
where k is a constant chosen to make the concentration term 
2 
comparable with sin 9/2. It is better to extrapolate the lines 
of constant angle to Zero concentration before extrapolating the lines 
of constant concentration to zero angle, because of the uncertainty' 
present with the lower angles. This produces a grid like graph, the 
two limiting lines of which (Kc/Re)c ~ 0 and (KC/Re)e ~ 0 on 
cxtrapolation should meet at the same intercept. The value of 
this intorcept is equal to the reciprocal of the weight average 
molecular weight. 
From the slope of the line of zero anglo is calculated the 
second virial coefficiont, (A.,) , as defined in equation (2.62). 
~ z 
Tho mean square radius of gyration of the polymer chain is found 
from the l1mi ting slope of the c " 0 line since 
2 
s Slope (c " 0) 
•..•.• (3.2) 
and by equation (1.1) the moan square end to end distance follows. 
Dimensions are also quoted in terms of the characteristic ratio 
c 2' 2 r / nl •.•••• (3.3) 
where 12 is the mean square bond length, n is the total number of 
bonds, which is simply the product of the degree of polymerisation 
and the munber of b'.,nds per monomer. As explained in section 2.5 
it is the z average end to end distance which is obtained from light 
scattering. Consequently, when using the characteristic ratiO, 
n must be calculated with respoct to the z average molecular weight. 
This was done using the Benoit'(75) treatment of polydispersity 
on the angular-distribution of light. In equation (2.66), see below,' 
the initial slope and the slope of the asymptote ot' thee = 0 line 
may be determined from the Zimni plot, and, knowing the weight 
average degree of polymerisation the zaverage degreo of polymerisation 
may ,lie calculated. 
2 N z 
3 N 
w 
From this nreadily follows. 
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3.3 Differential Refractometry 
The determining factor for accurate light scattering work is 
in the accuracy of the evaluation of the refractive index increment, 
(dn/dc). ,Any fracU';nal error here is immediately doubled since it 
'appears'" as the square in Debye's equation. A P.C.L. differential 
refractometer was used for these determinations similar to that 
devised by Briceand Halwer (07) and a diagrammatic sketch of the 
optical system is shown in Fig. 3b. It comprises essentially a 
lamp housing containing a mercury lamp projecting its beam via a 
, slit and monochromatic filter through a differential cell of the 
double prism type and finally via a projector lens onto 'a microscope 
fitted with micrometer eyepiece.' The eyepiece is fitted with a 
10 mm. fixed scale and a drum divided to 0.01 mm. All parts are 
carefully aligned on an optical bench. The cell is enclosed in a 
constant temperature unit which allows solutions to be precisely 
thermostated and the cell holder can be rotated about a vertical 
axis through 1800 • 
The, two cell compartments were filled with solution and solvent 
respectively, solution always being put into one particular compartment 
of the cell since refractive index deviations may be positive or 
negative depending on solvent. After allowing 
equilibrium, with the cell in the 00 pOSition, 
time for temperature 
00 d2 the scale reading 
,of the sUt image was determined byfocussing the microscope and 
centering the cross-wire on the slit image. Subscript 2 denotes 
solution. The determination was repeated about six times. ,The 
o ' 1800 
cell was then turned through 180 and the new position d2 of 
the slit image determined in a similar manner. Both compartments 
00 
were then filled with solvent and the slit image pOSitions dl and 
The total displacement 6d for 
o d~80 determined in the same way. 
a given solution is 
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The measuroddeviation, ~d, is related to the refractive index 
difference, ~ n, by the relationship 
~ d " 21 tan A/2 (~n) •••• ~.(3.5) 
where A is the angle of the dividing wall and I is the distance from 
cell to eyepiece. Since the retractive index between solution and 
'solvent is proportional ,to ~ d then, 
~n = K ~d ••.•.. (3.6) -
K the proportionality constant can be evaluated from solutions ot 
known retractive index. In the present work sucrose solutions 
were used on which refractive index differencea have been carefully 
measured (108). ' Sucrose, ot concentration 3.5g/loog of sucrose 
, 0 
Solution, has a ~n ot 0.0050050 using light of wavelength 546lA. 
This allows ~n to be determined for different polymer solutions, and, 
knowing their concentration ~ n/ ~ c foHows. 
3.4 Viscometry. 
Viscosities were measured in a capillary flow viscometer of 
the Ubbe10hde suspended level type. '!'he advantage of this type of 
viscometer is that measurements are independent of the volume of 
liquid, provided there is a certain minimum volume present •. Di1utions 
can be made in the viscometer and viscosit1ea ata whole.series.of 
concentrations can be measured with· a single sample. The time taken 
for the level of solvent or solution to pass between two fixed marks 
is determined. The flow time, t, is proportional to viSCOSity since 
1/ 0{ ft 
where fis the density of the liquid. In dilute solutions, therefore, 
where the density is not significantly different from that of 
•••••• (3.8) 
The measurement of viscosity ratios is obtained with greater relative 
accuracy than that from absolute measurements since any instrument· 
errors will be the same for solution and solvent. The dimensions 
of the instrument need not be known. The factors influencing 
accuracy are temperature and timing. 
In practice the viscometer was clamped in a thermostat bath 
o 
which could be regulated to within 0.02 C. Once in pOSition the 
viscometer was not moved again since all dilutlons.were simply made 
by adding the appropriate amount of solvent. The flow times were 
measured with a stop watch and the mean of several readings taken.· 
Intrinsic viscosities were calculated bY the ~raphical method 
explained in section 2.6. 
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· . 
Initially, the shear stress'of the viscometer was checked; 
Experimentaldeterminations were made at several different values 
of the mean velocity gradient (rate of shear) and the calculated 
instrinsic viscosities extrapolated to zero velocity gradient. The 
viscometer was found to be of low shear stress and shear variations 
were less than 1%, conseqhently shea~ corrections were ignored. 
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3.5 Osmometry. 
A. Hewlett-Packard Model 502 high speed membrane·osrnometer·was 
used tor measuring:.; osmotic pre.ssure, details ot which may, be tound 
in the manual (109) •. Fig 4 shows the apparatus in diagrammatic torm. 
An optical system is used tor detecting tlow ot solvent through the 
membrane. The light beam is able to tocus at either the top or 
bottom ot an air bubble introduced into the capiliary on the solvent 
side ot the membrane. Any movement ot solvent through the membrane 
will cause the bubble to move, this will vary the amount ot light 
talling on the detector and hence activate the servo motor. This 
aut~atically adjusts pressure by varying the height ot the elevator 
reservoir so preventing net tlow. Since practically no tlow ot 
solvent is needed to establish osmotic pressure, the whole process 
takes only minutes, and causes no dilution ot the. solution on 
the other side ot the membrane. 
Number average molecular weights, see section 2.7, can be 
measured on this instrument over the range 20,000 to more than 
1,000,000. It may be thermostated at any temperature trom room 
o temperature up to 65 C. The cellulose membranes used in the instrument 
are packaged in an aqueous solution and must be converted tor use 
in organiC solvents. The membrane was first rinsed with distilled 
water and then successively soaked in 
1. SO-50 solution ot water-isopropanol 
2. isopropanol 
j 
3 ~', .. \' . , ' 50 50 solution ot ~sopropanol-toluene 
4. toluene 
tor a minimum ot 4 hours in aach but. generally overnight. To transter 
from toluene to another organiC solvent th" membrane was soaked ina 
50-50 solution ot toluene and the solvent concerned and then transtered 
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to the new solvent. 
In operation, the sample stack (see Fig. 4.) is first filled 
with solvent, the syphon valve opened and solvent drained through 
until the syphon system is operating effectively. A series of 
polymer solutions are then fed into the instrument in order of increasing 
concentration. Having established the solvent level, solvent is 
replaced by the most dilute solution. This is introduced into the 
sample stack and rinsed through by opening the syphon valve. Since 
the total volume of solution needed to fill 'the membrane chamber and 
sample staclt to the reference marlt is only .0.3 ml., a total volume 
of I - 2 mls., of solution is adequate. Two measurements were made 
at each concentration, the osmometer being rinsed through between 
measurements. Most membranes adsorb polymers from'solution to a 
greater or less extent and the purposo of the rinsing is not only to 
remove traces of solution remaining from the previous measurement 
but also to ensure that the solution is in equilibrium with the 
membrane. 
The limiting value of 1r/c at infinite dilution has been shown 
to be a true measure of the molecular weight of the polymer, irrespective 
of size, shape or nature of solvent used. The accuracy of the molecular 
weight determination depends considerably on the extrapolation of 
the experimental measurements to infinite dilution (110). Two approaches 
are possible., Firstly the curves predicted by the lattice or dilute 
solution theories are taken as guides and the experimental points fitted 
to them in order to make the 'extrapolation. Or, secondly, extrapolate 
'on an empirical basis drawing the best curvo through the experimental 
points. The osmotic head can be measurerl to 0.01 cm, greater accuracy 
is required for curve fitting. Consequently empirical extrapolations 
of linear, or nearly linear~/c versus c plots were used. As can be 
seen from equation (2.100) the slope of this graph allows the osmotic 
second virial coefficient to be determined. 
_ot:_ 
3.6. Dipole Moments in Solution 
3.6.1 Apparatus 
The dipole moments of P.Tri.M.O. and P.Tetra.M.O. were studied 
in solution using a Marconi Dielectric 'Test Set Type TF 704C(111). 
• 4 
Measurements can be made at any frequency over the range 5 x 10 Hz. 
8 to 10 Hz. The method of measurement and ,the design of the test jig 
incorporated in the apparatus are due' to Hartshorn and Ward (112). A 
simplified c1rcuit diagram 13 shown 1n Fig. 5: The amplitude of the 
oscillator output is controlled by an ar,rangernen,t of course and 
fine resistors. One ot two oscillators could be plugged into the 
circuit depending on whether the frequency of operation was in the 
lower or upper half of the range of the instrument. The oscillator 
circuit is coupled to a tuned circuit of various interchangeable 
coils, L, and two parallel plate condensers. The condensers arc 
both'precisely calibrated with micrometer:-adjustments. The larger 
of the two adjustable capacitors, Cl' could be used to hold the sample 
when dealing with a bulk speciman, The srnallermicrometcr capac1tor, 
C2, serves as a fine control for obtaining a sharp resonance point. 
The mirror voltmeter, V, is used as a resonanoe indioator. Cl and 
C2 are suitably adjusted until the light beam of'V shows maximum 
deflection. ,At this point we have resonance and' f = 'l/(LC)! 
r 
where Land Care trie total inductanoe and capacitance in the resonant' 
Cell 
For solution work, an external Marconi cell was used, see Fig, 6, 
, This con9ists~f two concentric stainless steel metal cylinders 
, 
+ 
insulated from one another by a quartz spacer. The exterpal cylinder 
r 
is hollow of tnternall-adlus 3.0 ems, ..-hUe the internal cylinct1>r6f 
radiUS 2.6 CIII9, when in position,; leaves a gap of 2mm's, between its 
walls and the out~r oylinder. A small overflow' pipo in the external 
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wall ensures that the coll is filled to exactly the same level for 
each reading. The volume of liquid required to fill the gap between 
the two walls of the cell is 15 mls. The whole cell can be placed 
o in a thermostat which can be regulated to within 0.02 C. 
The cell was placed in parallel tO,Cl ,and C2 by connecting to 
points Tl and T2 ,of the circuit, Fig. 5. The connecting "',ires were 
stiff, to retain a fixed position throughout the run, and as'short 
as possible to cut down stray capacitance and,inductance. 
The principle of the apparatus is to equato the capacitance of 
the solution between the two walls of the cell,with that of a 
measured air gap. In offect the capacitance of the solution is ' 
exactly anulled by opening or Closing the plates of the capacitors 
Cl and C2 , until the capacitance of the air gap is the same as that 
of the solution, as indicated by full scalo'deflection of the light 
voltmeter. 
Sources of Error and Cell Modifications 
Errors are likely to arise during tho course of a run for 
a number of reasons and may be due to :-
a) Changes in the, stray capacitance of ,the cell, and its 
leads. 
b) Incorrect filling of the cell due to the trapping of air 
bubbles. The fUling and emptying of the cell must be 
as easy as possible. 
c) Changes in capaCitance due to reseating the top of the cell 
after a filling operation. 
Point c) was found to be a very serious source of error and a 
disturbing it in any 
means of emptying and tilling the cell without 
way was devised. A hole was bored in the base ot the cell and a 
connecting tube led oft to a separat1ng tunnel, whiCh'acted as a 
solution reservoir. By putting solution in the reservoir the cell 
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was filled simply by raising the separating funnel and allowing solution 
to run through under the action of. gravity. As soon as the eXCeSS 
solution appeared out of the overflow pipe, the tap on the separating 
funnel was closed leaving the cell filled to its upper limit. In 
order for this method of filling to be successful it was necessary 
to tilt the cell to eliminate the possibility of air bubbles being 
trapped below the internal cylinder. A special clamp was made in 
o 
which the cell was permanently fixed at an angle of 15 to the vertical, 
the maximum possible angle to still allow the central cylinder to be 
completely covered by solution (Pig. 6). If the overflowing solution 
is collected and returned to the reservoir, then dilutions of the 
, solution in sUu can b9 made', simply by adding the app:tmp~ia:te amount 
of solvent. By lowering the reservoir the cell will empty, the 
solution can be mixed, and then the cell refilled. 
In practice the oscillator was set at relatively high frequency 
r, (in the region 9.0 x 10' Hz.), chosen to aVOid, any conductivity 
,effects. The measuring circuit was then tuned in to resonance. The 
capacitance due to the leads was measured with the cell out of 
circuit. The course capacitor,Cl , was adjusted until maximum 
deflection of the light voltmeter was obtained. This was repeated 
with the empty cell in Circuit, and then wHh the cell full of 
solvent. The most concentrateti sOlution'was then put in the cell and 
resonance achtevedas before, but this time obtaining as preCise 
a balance as possible with the fine adjustment capaCitor, C2• The 
small changes in capacitance with dilution can only be measured with 
the fine tuner, and several readings were taken at each concentration 
and then averaged; 'At the same time the whole run was done as 
quickly as possible to minimise any effects of oscillator drift. 
3.6.2 Treatment of data. 
Por the Marconi cell we may write 
CO = C + C M 0 s •••• oo .(3.9) 
o 
where CM is the measured capacitance between the terminals, C· 
o 
is the capacitance ot the cell and C is the add1tional stray 
s 
capacitance. L The capacitance ~M is measured with liquid in the 
cell and we may wr1te . 
CL 
-- C eL + Cs M 0 .••.••• (3.10) 
CO ::. C eO + Cs U o· ...... (3.11) 
L 0 
where e and 0 are the dielectric constants ot pure solvent 
(benzene .~ 2.274, cyclohexane " 2.052 and I-hexene .- 2.07:1) and 
air (eo '._ 1.000). Solving equations (3.10) and (3.11) gives the 
values ot C and C , constants tor the cell. The capacitance CM' 
o s 
subsequently measured with the cell containing soluti0n is related' 
to the true capaCitance since 
C C - C . M s . ...... (3.12) 
and, as given by equation (2.102), the dielectric constant 
C 
e . = 
The variation ot dielectric constant was plotted as a function ot 
concentration and trom the slope,ol, in equation (2.107) was 
obtained. 
The variation ot ~etract1ve index with concentration, V , was. 
obtained trom the ditterential refractometry results used in light 
scattering. From dn/dc we know the change in retractive index as 
2 
concentration changes and therefore we know the value of dn /dc 
over the same concentration range since, at very low concentration, 
dn 
de ••• ~ •• (3.13) 
where subscript 1 denotes solvent and 2 solution. Assuming that 
the final term in equation (3.14) is trivial then 
and 
= ·2n~ 
2 6n· = 
"KC 
dn 
dc 
.•••.• (3.15) 
Assuming dn/dc is constant over the concentration range O~ c 2 then 
. 2 
from equation (3.15) we obtained the required dn /dC ratio. w, is 
the weight fraction of polymer and assuming that the density ot the 
2 
solution is equal to that of the solvent, dn /do converts to 
2 . 
dn /dw Simply by multiplying by the solvent density. 
Dipole moment was then determined using the Guggenheim-Smith 
equation (2.107) from section 2.8 •. 
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3.7 Dipole moments of bulk sample. 
3.7.1 Apparatus 
Low frequency dielectric, apparatus was used for determining 
dipole moments of the bulk ,samples. The cell, shown in Fig. 7 
was a three terminal Wayne Kerr Permi tU vi ty Jig D321 and had been 
specially modified by Fielding-Russell (113). 
The polymer samples werereql1ired in the form of a disc. A 
mould of diameter 5.1 cms and approximate thickness 2 mm was used, 
for compression moulding the samples of P.Tri.M.O. and P.Tetra.M.O. 
The polished faces of the mould were covered with tin foil to prevent 
polymer adhering to them and an appropriate weight of polymer 
introduced, depending on required ,thickness. The mould was heated 
to 5SoC for a short time then allowed to cool to room temperature 
and the sample removed. 
The moulded disc fitted between the two electrodes El and E2• 
They form the two plates of a condenser across which measurements are 
made. El i~ insulated by a guard ring of epoxy resin, while E2 
could, be raised or lowered vertically by a micrometer screw gauge. 
Discs of tin foil were stuck to the faces of the sample with a thin 
, , 
smear of vaseline ensuring good contact. The third electrode is 
the earth. Mounted on one of the vertical cell supports it was 
arranged, when in position, to press onto the wall of the cell 
, -2 jacket.' ' The cell, in its jacke,t, could be evacuated to 10 mm 
of mercury pressure. 
The 'apparatus consisted of an oscillator, a waveform analyser 
and a Schering test bridge. The oscillator was set at the desired 
frequency which in this Case was 10 KHz, alld";,,, ~9hd~," ,anQ.S.chwAr.~',t,unable 
>',,"""', 
indicating amplifier adjusted until it was finely tuned in to the 
applied frequency, as indicated by maximum galvanometer deflection. 
The capacitance across the speciman was measured by balanCing the 
bridge until a minimum deflection on the amplifier galvanometer. The 
., 
DIELECTRIC~ CELL 
11 !l11_ 
.; '1 lU : • I I , , 
-,-' - - -!-t -:J I ---- •• 
"'-• 
: : 
I' J' 
S-? I: 
If; ... 
'j' ,. 
1'1 
I!: 
," 
," 
'I: ,, 
'I' , ' 
,I' 
- - - - - ~i' - - - - - .., , 
r , n !! : 
, ! 
11 ~ 
I 
' t 
"" 
CERAMIC 
BASE 
El 
ELEC 
E2 
TRODESI 1: ~ ~GU 
THERMO COUPLE 
CROMETER .. MI 
SC 
GA 
REW 
UGE 
rn I' 
[J] 
~ 
::.}~ 
-:,,,:-
-:'1,.-
~~ 
,-
71 I/Ij I \'\' \ 
~ 
-0 
FIG 7-
~ ") 
ARD 
RING· 
~ THIRD 
ECTRODE EL 
LL 
JACKET /CE 
• J I I ! I 
"I I I: I 
-
spociman was withdrawn and the capacitance ot the evacuated cell 
me'a8ured. Data on amorphous samples of P.Tri.M.O. and P.Tetra.M.O. 
being taken at room.temporature. 
3.7.2 Treatment of data. 
The Cli.eleetric; constant ot the speciman was calculated trom 
equation (2.102) 
where stray capacitance terms are eliminated in the same manner, . 
as described with the Hartshorn and Ward·apparatus. 
Dipole moment is related to dielectric constant by Onsager's 
equation (2.105)' see section 2.8 
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3.8 Theta Solvents 
Theta solvents for P.Tetra.M.O. and P.Tr1.M.O. are required 
which are single solvents, ancl'not solvent mi::tures, and at the 
ilnnin time non polar bocause of the requirements for subsequent 
'dipole moment studies. Solvent mixtures cause several undosired 
effects not least of which are thn additional experimental difficulties 
which are discussed further in chapter 5. The method of preCipitation 
was adopted with a variety of solvents and of the seven tested, one 
was successful for each polymer. The solvents were 
'Solvent Density ( ,/ .. / ' 0 . B.pt ( C) 
Cyclohexane 0.7791 81.4 ' , 
Cycloheptane 0.8099 118.1 
, 
CycloOctane 0.8349 148.5 
n He"ane 0.6603 " 69.0 
n Heptane 0.6837 98.4 
1 - Ifexene 0.6732 63.4 
1 - Heptane 0.6969 93.6 
, 
. 
A solvent wall sought in which the polymer was partially soluble at 
o 0 
a temperature between 10 C and 50 C. At temperature extremes 
experimental difficulties arise. ' Solubility was observed on a 
small scale in a test-tube. The polymer, in the appropriate 
solvents was first held at 250 C for a ~'riod of time. Should the 
polymer remain insoluble the temperature was raised in steps of 
SoC. If, as the temperature increased, the polymer in a particular 
solvent dissolved, 'it was cooled slowly and observed for precipitation. 
Using this procedure theta conditions can be found approximately to 
i' hi '20 IVorkin" on the principle of zero second virial w t ne!. C. .. 
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coefficient at theta conditions exact theta temperatures were 
located from light scattering or osmometry. 
A variety of mixed and single theta solvents have been found 
, for P.Tetra.M.O. and these have been listed by Dreyfuss and 
Dreyfuss (114). Of the mixed solvents only the cyclohexane/n-heptane 
system ·of,Wetton and May (115) was studied further. The polymer 
was dissolved in varying ratios of good solvent (cyclohexane) and 
non solvent (n heptane) mixture and the effect of an increasing 
proportion of non solvent on the second virial coefficient, 'studied 
osmotically. 
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CHAPTER 4 
RESULTS 
4.1 Poly (tetramethylene oxide) 
4.1.1 'Samp1e preparations 
A series ot six P.Tetra.M.O. samples were made with varying 
amounts ot catalyst and varying polymerisation tim~s as detailed 
in Table 4.1. 
Table 4.1 . 0 Polymerisation ot P.Tetra.1I.0. in bulk at 25.0 C. 
Sample Catalyst Polymerisation % yield 
Concentration Time ot polymer 
A 1.47 x 10-2 M 48 hrs 42 
n 1.44 x 10-2 10 days 67 
-" C 1.17 x 10 ~ 10 days 30 
D 0.99 x 10-2 10 days 61 
E 0.84 x io-2 48 hrs 62 
F 0.62 x 10-2 24 hrs 64 
4.1.2 Molecular weight de terminations 
Intrinsic viscosities ot the samples were determined in benz.ene 
at 25.00 C and plots ot 7] Ic and In 1JR/c versus concentration are 
sp 
shown in Fig. 8. Viscosity average molecular weights were calculated 
using the K and 'a' values ot Dreyfuss and Dreyfuss(99). 
Using the relationship (~l 
~ 0 
RT 
= Br as described 1n section 2.7, 
n . . 
number average mOlecular weights were determined by high speed 
membrane osmometry. Four of the sampl~s were measured in toluene 
o 
at 25.0 C and. th~ plots of-rr/c versus c. are shown in Fig.9. Weight 
. average molecular weights-were determined by the zlmm method as 
, . '. 
the common intercept of (~:) c e = =0 0 
discussed in sections 2.5 and 3.2.4. 
2 e 
versus conc. '+ sin 2" as 
The plot obtained for'-sample A 
is shown in Fig.22. Table 4.2 summarises the molecular weights obtained. 
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MI\ DETERMINATION OF P.TETRA. M 0 SAMPLES 
Table 4.2 Molecular weights or P.Tetra.II.0., samples 
-Mv M M - w Sample M M IT" -n v w lil' 
n n 
A 350,000 520,000 630,000 1~5 1.8 
B 435,000 570,000 1.3 
C 620,000 
D 490,000 690,000 ' 850,000 1.4 1.75 
E 510,000 680.000 1.35 
F 800,000 
4.1.3 Second viri.l coerficients 
The osmotio second virial coefricients were determined for 4 
of the P.Tetra.M.O. samples as A2 
" 
8IRT where S is the slope of 
the graphs in Pig.9. ,The light scattering second virial coefficient, 
(A2)z' for sam:le A was determined from the slope of the line(~) 9.0 
versus 5 x 10 x conc shown in Fig. 22. Their variation ' 
with molecular weight is .hewn in Table 4.3 
Table 4.3 Second virial coeffiCients of,P.Tetra.M.O. samplws 
Sample 
A 
B 
C 
E' 
o in ben.ene at 25.0 C. 
-
" ' i M 
n w 
, 
350;090 i '630:000 
435,000 
490',000 
510,000 
4.1.4 Dispersity studies 
, 
A2 (cc. mole. -2 g ) 
Osmotic ,Light scattering 
, -4 
9.7 x 10-4 8.0 x 10 
8.8 x 10-4 
10-4 
, 
8.8 x 
6.9 x 10-4 
The molecular weights of' the' s!'l"p1es A - F so far po 1 ymeri sed 
" 
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have a broad distribution. By suitable adjustment of polymerisation 
times a study of the polymerisation procedure was made in an effort 
to obtain a sample with a narrow molecular weight diBtribution. The 
effects of polymerisation time on percentage conversion into polymer 
are shown in Table 4.4. As far as possible the catalyst concentration 
was kept the same. 
Table 4.4 P.Tetra.M.O. polymerisations to low conversion 
, , Concentration 
, Sample of Polymerisation % Conversion 
Catalyst Time 
a 
, -2 
4.2 x 10 M 15 hrs 28.~ 
b " -2 4.5 x 10 M 5 hrs 10 
...... ' .. ..... - "" ~ . 
c 
-2 4.7 x 10 M 3; hrs 7.5 
, 
Sample b, polymerised for 5 hours, gave a 10% conversion into polymer. 
This was repeated (sample d) using greater quantities, in order to 
study all three molecular weight averages. The molecular weights 
of sample d compared with those determined ,for a, b, andc are shown 
,in Table 4.5. 
Table 4.5 Molecular weights of low conversion P. Tetra.M.O. samples. 
11 
- -
w Sample M 
, Mv 11 if" n 'If 
n 
a 500,000 
b 250,000 
(! 200,000 ' , 
d 220,000 350,000 " 400,000 1.8 , 
--c 
, 
All subsequent, studies of P.Tetra.M.O. were conducted on the samples 
A-F. 
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4.2 Poly (trimethylene oxide) 
4.2.1 Sample preparations 
Details of the P.Tri.M.O. systems synthesised with 'Phosfluorogen A' 
catalyst are shown in Table 4.6. 
Table 4 6 Polymerisation of P Tri M 0 in bulk . . • . • • 
. 
Sample Concentration % Polymerisation Conditions of Catalyst yield Time (hours) Temperature 
I excess 15 6 OOC 
U 7.0 x 10 -2 55 18 _2°C 
111 6.15 X 10 -3 62 16 OOC 
IV 4.0 x 10-3 87 16 OOC 
V 3.0 x 10-3 70 21 _2°C 
VI:! 2.46 x 10 -3 70 16 OOC 
VU 
. . -4 
3.70 X 10 80 20 OOC 
4.2.2 Molecular weight determinations 
Number average molecular ~eiGhts were again determined by high 
° speed membrane osmometry in toluene at 25.0 C. The appropriate 
plots of "!f versus c are shown in Fig. 10. Weight average molecular 
c 
weight~ by light scattering, were determined on selected samples in 
o toluene at 25.0 C and the Zimm plots obtained are shown in Figs. 11 - 13 
and 21a. The results obtained are given in Table 4.7. 
Table 4.7 Molecular weights of P.Tri M O. samples • • 
-
j,j - Mw Sample M U-n w 
n 
I 25,000 
. 
11 106,000 190,000 1.8 
III 160,000 
IV 226,000 
V 237,000 350,000 1.5 
VI 327,000 495,000 1.5 
VU 755,000 1,200,000 1.6 
:!:. 300,000 
-
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4.2.3 Second virial coefficients 
Second virial coefficients of the p.Tri.M.O. samples in 
toluene at 25.0oC; from osmometry and light scattering, vary with 
molecular weight as shown in Table 4.8. 
Ta.le 4.8 Second virial coefficients of P.Tri.M.O. samples in toluene 
o 
at 25.0 C 
Sample 
I 
U 
III 
IV 
V 
VI 
.VU. 
. 
Osmotic, A2 
(cc. mole 
4.08 x 10-3 
·9.09 x 10-4 
6.95 x 10-4 
8.54 x 10-4 
5.07 x 10-4 
4.50 x 10':'4 
2.16 x 10-4 
light scaUering, 
g-2) -2 ( cc. mole. g ) 
. 
3.75 x 10-4 
2.5 x 10-4 
.' 
2.0 x 10-4 
4.2.4 Intrinsic viscosity - molecular weight relationship 
Intrinsic viscosities of the seven P.Tri.M.O. sampl~9 were 
o determined in toluene at 25.0 C. A double logarithmic plot, 
shown in Fig. 14, of intrinsic viscosity versus number average 
molecular weight yielded 
K .. . -5 7.08 x 10 
a • 0.81 
(A2)z 
P1 -5 = 7.08 x 10 If O.~l v •• ",.(4.1) henco I 
in the molecular weight range (ii), 25,000 - 755,000. 
n 
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4.2.5 Iturata - Stockmayer (K-S) and Stockmayer - Fixman (S-F) 
Treatments 
TIle two treatments, expressed by equations (2.47) and (2.49), 
have been applied to intrinsio viscosities measured for the P.Tri.U;O • 
. samples. Treatments have been approached both on a n\llllber average 
molecular weight and a viscosity average molecular weight basis. 
Viscosity average molecular weights w.re determined using equation 
(4.1). For the Kurata - Stockmayer plot the procedure as descri~d 
in section 2.3 was followed. The Kurata - Stockmayer and Stockmayer -
Fixman calculations are shown in Tables 4.9 and 4.10. respectively. 
Table 4.9 Kurata - Stockmayer calculations 
. 
2 2 
['l']]3' 3' 
2 
3' 1 
x 102 [rj] x 102 T o<.rJ g(o(Y) ) M g(~ Mv g(",!) 
- -1 n Sample 1 
'3' 3 1 1 AI AI 3' 3' 
n v (1)] [i)J 
I 1.66 1.53 1.293 1.172 1.430 1.693 
U 2.16 1.97 1.469 1.24 2.755 3.315 
III 2.14 . 2.06 1~463 1.238 3.38 3.6T 
. 
IV 2.61 2.33 1.614 1.29 3.795 4.74 
V 2.68 2.38 1.638 1.285 3.82 4.87 
VI 2.59 2.43 1.611 1.283 4.55 5.25 
VU 3.42 3.02 1.850 1.34 I 6.28 8.07 
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Table 4.10 Stockmayer - Fixman Calculations 
. 
Sample M! 
n 
11 ! 
. 
y [1)JlMn!. x 103 [7JllMy ! x 103 
I 157 179 2.16 1.895 
U 325.6 374 3.165 2.76 
III , 400 424 3.125 . 2.95 
IV , 475.4 562 4.21 3.56 
V 486.8 I· . !S1l3 4.40 3.67 
VI 571.8 633 4.18 3.78 
VII 868.9 1,000 6.34 5.50 
The appropriate graphs are shown in Figs. 15 and 16. From the intercepts 
.. o~ these gr~p~s the following values of Ke have been determined,· see 
Table 4.11~· 
Table 4.11 Ke x 103 values of P.Tr1.M.0. 1n toluene 
~ K - S S - P . M,\'!, basis 
t.i 1.24 1.30 n 
11 1.20 1.24 y 
Table 4.12 gives the polymer - solvent interaction parameter, B, 
calculated ~rom the slopes of the plots. 
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Table 4.12 Interaction parameters calculated for P.Tri.M.O. - toluene 
B x 1028 
M,W. basis 
K - S S - F 
M 40.0 36.5 
n 
Mv 28.3 25.0 
4.3 Higher poly (ethers) 
~ttemptswere made to synthesise both poly (pentamethylene 
oxide) and poly (hexamethylene oxide) by ring oPening of the 
appropriate cyclic ethers. Phosfluorogen A was used in both cases 
but no other catalyst was tried. Catalyst concentration, temperature 
and time of polymerisation were varied over wide limits but the 
monomer involved did not ring open. Attempts to polymer1se them 
in a suitable solvent, propylene oxide, also failed. 
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4.4 Determination of theta solvents 
The known theta solvent mixture of cyclohexane - n heptane, 
Wetton and May (115)', was used initially for P.Tetra.M.O.. Polymer 
was dissolved in solvent mixture of varying proportions, and, 
, 0' 
keeping the temperature constant at 25.0 C, the theta properties 
followed by measuring osmotio second, virial coefficient. The 
osmometry plots so obtained are shown in Fig. 17 and Table 4.13 
, shows the effect of solvent proportions on second virial 'coefficient. 
Table 4.13 :- Variation of A2 with solvent proportions 
, Proportion (Volume) M
n
, A ' 2 
Cyclohexane - heptane (from intercept) ( cc. mole.· -2 n g ) 
80 20 700,000 6.8 x 10-4 
" 
70 30 685,000 5.35 x 10-4 
60 40 717,000 '-4 3.40x 10 
, 
50 50 700;000 2.57, x 10 -4 
40 60 Insoluble 
-
45, 55 Insoluble 
-
As will be discussed 1n chapter 5 no further work was done 
on the mixed theta solvent systems and attention was turned to"oc', 
finding a single theta solvent for both P., Tetra.M.O., and 
P.Tri.M.O., 
To find a single theta solvent,. the solubility of P •. Tetra.M.O. 
was studied in a variety of sol~nts. The experimental observations 
are shown 1n Table 4.14., 
0·5 
0·4 
IT 
C 
0·3 
O' 2 
O' I 
• 
o 
FIG. 17. 
o 
P.TETRA.M.O. IN CYCLOHEXANE/N-HEPTANE AT 25'OC 
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15 20 
b 
C 
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Table 4.14 1- p.Tetra.M.O.; determination of a theta solvent 
Experimental Conditions 
Solvent 250 C for 0 34 0 for 500 C for 
2 days 24 hours 24 hours 
Cyclohexane Insoluble partially soluble 
soluble 
Cycloheptane 2 hours SWOllen soluble soluble 
20 houra nearly 
dissolved 
Cyclooctane 20 hours soluble soluble soluble 
I-Hexene 2 hours swollen partially soluble soluble 
20 hours separate separate layers 
layer 
l-Heptene Soluble in 2 
hours 
n Hexane insoluble swollen and . transparent 
insoluble and insoluble 
n Heptane I insoluble swollen and transparent 
insoluble and insoluble 
Cyclohexane. cycloheptane. cyclooctane, I - hexene and 1 - heptene 
all contained dissolved polymer at 50cC. When cooled to 150 0 in 
all but 1 - hexene polymer remained in solution. The separate polymer 
o layer in I - hexene solution was found to dissolve again at 50 C. 
Second virial coefficients were measured by light scattering ( the 
o 0 . Zimm plots are shown in Pigs. 23 and 24) at 35.0 C and 44.8 0 and 
in the latter case zero second Virial ccetficient was observed, as 
shown in Table 4.15. 
Table 4.15 :- Varlation,ot,A2 with temperature tor p.Tetra.M.o. 
in 1 - hexene. 
, 
Light Scattering Temperature 
A2 
in (cc. mole. 
-2 g 
1 - hexene 35.00 C -0.83 x 10 -4 
1 - hexene 44.80 C 0 
Similarly tor P.Tri.M.O., solubility tests ot polymer in the 
same solvents aa above .. re carried out. The observations are given 
in Table 4.16. 
Table 4.16 1- P.Tri.M.O., determination ot a theta·solvent 
. 
Experimental Conditions 
Solvent 25°C tor 
2 days 
Cyc10hexane SWollen and transparent 
partially dissolved 
Cycloheptane insoluble 
Cyc100ctane , .. insolUble 
1 - Hexene . insoluble 
I - Heptene insoluble 
n Henne 
soluble 
partially 
soluble 
swollen and 
. transparent 
insolUble 
insoluble 
remained completely inert 
n Heptane I 
soluble 
soluble 
soluble 
insol.uble 
insoluble 
I 
P.Tri.M.O. is not eas11y dissolved in any ot the above solvents; At 
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) ! 
. 
2SoC it was insoluble in all but cyclohexane where it 'appea"l'ed(! to 
be partially soluble. On raising the temperature polymer only dissolved 
in cyclohexane, cycloheptane and cyclooctane. Cooling to 20°C caused 
polymer to precipitate ,from these three SOlvents, though at varying 
rates. Precipitation was oomplete in 10 minutes from oyolooctane, 
30 minutes from oycloheptane and 2 hours from oyclohexane. All 
three have theta properties, though that of cyclohexane is more 
'conveniently nearer room temperature. Seoond virial coefficients, 
by osmometry, were measured to preoisely ascertain theta conditions 
and the plots obtained are shown in Fig. 18. The variation of A2 
with temperature is given in Table 4.17. 
Table 4.17 :- Variation of A2 with temperature for P.Tri.M.O. in 
oyclohexane. 
Temperature 
A2 
-2 
. 
(00. mole, g ) 
32.0oC 1.65 x 10-4 
28.50C 6.7 x 10- 5 
25.0oC 0 
. 
e CONDITIONS 
p. TRI.M.O'. IN CYCLOHEXANE 
0·2 32'OoC 
"'11 
!i> 
CD 
TT ° 2 8'S C 
C 
0·1 
° 25'0 C 
o S 10 15 20 
CONC 0/1 
4.5 Unperturbed dimensions ot P.Tri.M.O. and P.Tetra.M.O. trom 
intrinsic viscosities 
Intrinsic viscosities tor P.Tri.M.O. (sample VI) and P.Tetra.M.O. 
(sample A) were measured in a good solvent, which was taken as benzene 
° . . . 
at 25.0 C in each case, and in their respective theta,solvents. 
Intrinsic viscosities were obtained as the common intercept ot plots 
1) Ic and ln1)n/c versus cone. and those obtained torP.Tetra.II.O. 
sp 
are shown ln Plg. 19 and those tor P.Tri.M.O.ln Pig. 20. The. 
values obtained are given ln Table 4.18. 
Table 4.18 1- Intrinsic viscosltles in good and theta solvents tor 
P.Tri.M.O. and P.Tetra.M.O. 
; 
A2 (osinr 
Polymer iiolvent Temperature [1) ](dl/g) M x 10-5 
-2 (cc. mole. I!: ) v 
1 
I 
P.Tri.M.O. Benzene 25.00 C 2.758 4.5 x 10-4 3.25 
Cyclohexane 25.00 C 0.630 0 
P.Tetra.II.( • Benzene 25.00 C 4.000 9.7 x 10-4 5.70 
1 - Hexene 44.80C 1.065 . 0 
, . 
These results wlll be discussed· in terms ot perturbed and 
unperturbed dimensions in Chapter 5 • 
• 
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4.6 Dimensions of P.Tetra.M.O. and P.Tri.M.O. from light'scattering 
Light scattering studies were made in good and theta solvents 
for both P.Tri.M.O. and P.Tetra.II.0. The 'results were plotted by' 
() / 2e., the method of Zimm 73 as Kc Re versus Bin 2' + cone., and from 
them,' the perturbed and unperturbed dimensions calculated. The, 
refractiwindex increments ~qu1red for eaCh polymer-solvent s'~tem 
were measured and the mean of several determinations are shown in ' 
Table 4.19. 
Table 4.19 :- Refractive index incrementa for P.Tri.M.O. and 
P.Tetra .... O. 
dn (cc/g) 
-dc 
Solvent 
P.Tri .... O. P.Tetra.g.O. 
Benzene ·-0.0366 - 0.139 
Toluene -,0.0306 
1 - Hexene + 0.155 
Cyclohexane + 0.0389 
The Rayleigh ratios, R90, for pure solvent, Were calculated taking 
-S ' 
the value 16,3 x 10 for pure benzene, (106) and measuring the scsttering 
intensities of the pure solvents at 90°, relative to that of benzene. 
The solution concentrations and scattering intensities at preselected 
o 0 
angles from 30 - 150 were computed and the results plotted directl,. 
The interpretation of the Zimm plots is explained in section ,3.2. 
, 0 
The ZlUDD plots obtained for P.Tri.III.0. in tolt'8fte at 25.0 C and 
o 
cyclohexane at 25.0 C are shown in Figs. 21a and 2lb. The results 
obtained are summarised in Table 4.20 where the polymer dimensions 
are quoted as, (;a)!, the root mean square end to end distance. 
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TIlble 4.20 :- Dimensions ot P.Tri.M.O. from light scattering 
. . 
. . 
-
Aa 
Solvent Temperature ,. , ' 
. (r2)! (A) w (cc. -2 mole. g' ) 
z . 
. 
Toluene 25.00 e 495,000 -4 1.5 x 10 860 
eyclohexane (9) 25.00 e 500,000 0 680 
Figs. 22-24 show the Zimm plots obtained for P.Tetra.M.O. in 
benzene and 1 - hexene. ' Table 4.21 summarises the results 
obtained. 
Table 4.21 :- DimensiOns of P.Tetra."'.O. from light scattering 
Solvent Temperature 
.'\, 
A2 (r2)! (~) 
-2 (cc. mole. e ) 
Benzene 25.00 e 625,000 0.80 x 10 -3 1,030 
1 - Hexene (9) 44.Soe 62,5,000 0 840 , 
, . 
1 Hexono 3S.0oe 605,000 - 0.83 x 10-4 745 
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4.7. D1pole MOIDents ot P.Tr1.M.O. and P.Tetra.II.0. 
4.7..1 Dilute solution determinations 
The dipole moments ot both P.Tr1.1I.0. and P.Tetra.II.0. were 
o 
measured under good solvent conditions, in benzene at, 25.0 C, and 
also under their respective theta conditions. Dipole moments were 
determined using the Guggenheim - Smith equation as explained in 
section 3.6. 
Table 4.22 gives the retractive indices, nl , ot the pure solvents 
a. measured on an Abbe retractometer and also their dielectrio constant., 
eL• The latter values were taken tram the literature except tor 
1 - hexene Which was measured. This required the evaluation ot the 
cell constants Co and Cs', in equations (3.10 and 3.ll) using solvents 
L 
ot known dielectric constant, and then calculating e , trom equation 
(3.10). 
Table 4.22 1- Physical properties ot solvents needed 'in dipole moment 
studies 
" 
Solvent Temperature n1 e
L 
2S.00 e 
" 
"" 
Benzene 1.5014 2.274 
1 - "oxene 44.60 C "1.3821 2.117. 
Cyclohoxane 2S.0oC 1.4290 2.052 
" 
For a particular system, the change ot capacitance with dilution 
was m~asured, converted to dieleotrio constant, and plotted against 
concentration ot solution, where the concentration is expressed as 
the weight traction ot polymer in the solution. in Fig. 25 the plots 
obtained ot the variation ot dielectric constant with concentration 
tor P.Tri.M.O., in both a good solvent and at theta conditions, are 
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shown •. Similarly in Fig. 26 the same plots are given for P.Tetra.M.O. 
In Table 4.23 are given the gradient. of these plots, Which show the 
variation of dielectrio constants with concentratiQn, 0 el c)w2, 
represented by ~ • 
Table 4.23 Variation of dielectrio constant with concentration· 
for P.Tri.M.O. and P.Tetra.M.O. 
eX 
Solvent Temperature 
P.Tri.M.O. P.Tetra.M.O • 
. 
Benzene 25.00 e 2.17 + 0.05 1.80 :t. 0.05 
-
1 - Hexene 44.80 e 1.62 !. 0.05 
(9) 
eyclohexane 25.00 e 1.05 :t. 0.05 
(9) 
The variations of the aquares of the refractive indices with 
concentration were calculated from dn/dc values obtained from 
differential refractometry, as explained in section 3.3. They 
are given in Table 4.24 Where V repreaents an2/~w2 
Table 4.24 Variation of refractive index with concentration for 
P.Tri.M.O. and P.Tetra.M.O. 
V 
Solvent Temperature 
P.Tr1.M.O. P.Tetra.M.O. 
Benzene 25.0oe - 0.095 : - 0.370 
1 - Hexene 44.80e + 0.320 
(9) 
Cyolohexane 25.00 C + 0.088 
(9) 
Knowing 0< and v dipole moment; follows from the Guggenheim -
Smith equation (2.107). The calculated valuea for P.Tri·.M.O. and 
P.Tetra.M.O. in both good and bad solvents are given in Table 4.25. 
FIG.25. 
P. TRI. M. O. VARIATION OF DIELECTR.IC CONSTANT WITH 
SOLUTION CONCENTRATION 
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FIG.26. 
P. TETRA.M.O. VARIATION OF DIELECTRIC CONSTANT WITH 
SOLUT ION CONCENTRAT I ON 
2" 20 <y I-HEXENE AT 44·8 °c 
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The ratio ltz is the mean square dipole moment per degree of 
polymerisation; 
Table 4.25 :- Dipole moments of P.Tri.M.O. and P.Tetra.M.O •. from 
dilute solution data. 
2' 2 ?-:,..(D ) 
z 
Polymer . 
Benzene 9 
25.0OC Conditions 
P. Tr1.II.0. 1.20 + 0.03 
-
0.64 !. 0.05 
. 
P.Tetra.M.O. 1.43 !. 0.04 1. 30 !. 0.10 
. 
4.7.2 Bulk polymer determinations 
" Dipole moment data of the bulk amorphous polymer was obtained 
for both P.Tri.M.O. and P.Tetra.M.O. The dipole· moments are 
2' ' 
again expressed by ~ /z, which.was obtained via the onsager relation 
, -' . 2" 
equation (2.105). The alternative columns of~ /z in Table 4.26 
represent different estimates of the limiting dielectric constant, 
6.." as discussed in section 2.8. 2' In the first COlumn)," /z is 
calculated from, the, limiting dielectric constant extrapolated from 
low temperature high frequency data (2.55 for P.Tri.M.O. and 2.50 
for P.Tetra.M.O.) whilst the second'column shows. the. dipole moment 
calculated from the refractive index squared plus a 10% allowance 
for nuclear distortion terms (2.34 for P.Tri.M.O. and 2.26 for 
P.Tetra.M.O.). 
Table 4.26. Dipole moments of bulk amorphous polymers 
Polymer Temperature 90 d. (D2) 
(10 KIt",) '" 
P.Tr1.M.O. 21°C 4.90 0.83 I' 0.97 
P.Tetra.M.O. 20°C 4.93 1.04 1.25 
. 
-113-
4.8 Poly (chlorostyrenes). 'Molecular we1ghts and dimensions 
Two samples; poly (3 chlorostyrene) and poly (4 chlorostyrene) 
were investigated. Their molecular weights were measured and their 
dimensions calculated under different cond1tions. 
The number average molecular weights were measured by osmometry 
o in benzene at 25.0 e. The M values and'second v1rial ooeff1cients 
n 
are given in Table 4.27. 
Table 4.27. M values of substituted poly (styrene) samples. 
n 
- (A2)oSlll!.2 Polymer M n (co. mole. g ) 
poly (3 chlorostyrene) 360,000 1.5 x 10-4 
: 
x 10-4 poly (4 chlorostyrene) 535,000 0.646 
Light scattering stUdies were 'conducted on both polymers. 
Poly (4 chlorostyrene) with the lower osmometry socond'virial 
coefficient was 'measured at lower temperatures and the Zimm plots 
o 0 
obtained in benzene at 20.S e and 15.0 e are shown in Figs. 27 and 
28 respectively. Table 4.28 summarises the results obtained. The 
dimensions are'expressed as the root-mean-square end to end 
distance. 
Table 4.28' Dimensions of poly (4 chlorostyrene) from light scattering 
(A2) 
-; 
Solvent M (r2) R Temperature 'w ' Z 
-2 (cc. mole. g ) z 
Benzene 20. 5°C 674,000 2.65 x 10 -s 720 
• 
Benzene 15.00e 690,000 0 670 (9)' 
Poly (3 chlorostyrene) was initially measured at 9.50e. Benzene 
with a freezing point ot 5.50 e cannot safely be taken lower and still 
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give reproducible results. In an endeavour to attain theta conditions, 
the freezing point of the benzene was lowered by adding cyclohexane as 
solute. This allowed the working temperature of the light scattering 
o to be dropped by a further 5 C. Working on the principle of depression 
of freezing point, it was calculated that to lower the freezing 
o 00· point of benzene by 5 C i.e. frow 5.5 C to 0.5 C, the addition of 
9.3 mls of cyclohexane per 100 mls of benzene was needed. Cyclohexane 
was chosen due to its similarity in physical properties and since it 
was expeoted to be a poor sol vent for the polymer. Table 4.29 
summarises the results obtained for poly (3 chlorostyrene). 
Table 4.29 Dimensions of poly (3 chlorostyrene) from light scattering 
Solvent Temperature i (A2)z ' (~)! ~ w (cc. -2 mole. g ) 
Benzene 9.50 C 1.2 x 10 6 1.95 x 10-4 . 2000 
Benzene 5.20 C 1.3 x lOG 1.41 x 10 -4 1840 
Cyclohexan< 
The Zimm plots obtained· for poly (3 ch1orostyrene) in benzene 
o 0 
at 9.5 C and in benzene/cyclohexane mixture at 5.2 C are shown in 
Figs. 29 and 30. 
The'dn/dc values used in these determinations were measured 
as previously and are given in Table 4.30. 
Table 4.30 Refractive index increments for 3 chloro and 4 ch1oro 
poly (styrenes). 
dn/dc 
Benzene 
Cyclohexane 
poly (3 ch1orostyrene) + 0.08200 + 0.08377 
poly (4 chlorostyrene) + 0.08151 
2·5 
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CHAPTER 5. 
DISCUSSION. 
5.1 POLYMERISATION OF CYCLIC ETHERS 
Polymorisability 
The polymerisation of ring monomers is energetically favourable 
provided there is strain tn'the ring. As a result, the polymerisation 
ot the three membered oyclic ether and its substituent oOmpounds 
was first disoovered over a oentury ago (116),whereas the polymer-
isation of T.R.F. was not aooomplished until the 1930's (117). Free 
energy of polymerisation ~G • of whioh the heat of polymerisation, p 
~II , i8 the mainoontributor, may be expressed as a function of p , 
ring size., This,has been done by Painton et al (118,119) for 
cyoloalkanes and by Small (120) for heterooyo11coompounds. Small 
showed that the free energy change ocourring on,polymerisation shows 
a maximum in the polyether series for,the six membered ring, 
tetrahydropyran. The, differences in ~ Rare ,oaused mainly by p . 
changes in ring strain and by a oertain amount of sterio conflict 
'between adjacent hydrogen atoms. The polymerisation of three and 
four membered oyclio oxides, ethylene oxide and oxaoyclobutane, is 
accompanied by a large negative heat ot polymerisation of about 
, , -1 
- 20 k. oal. mole ,as shown in Table 5.1., and polymerisation occurs 
readily, probably duo to ring strain. T.R.F. polymerises less readily 
than the three and four membered rings because of a smaller heat of 
. , -1' 
polymerisation (-3.5 k. ca1s. mole ). whilst its po1ymerisabi1ity 
probably results trom the repulsion of eo1ipsed hydrogens. In either 
case heats of polymerisation are such that for both oxacyclobutane 
and T.R.F. there are no experimental difficulties in polymerising 
them. 
In this work attempts to·polymeriso 6 and 7 membered rings 
proved to be completely unBuccessful. This is not entirely unexpected 
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in the case of tetrahydropyran as it has a positive free energy 
of polymerisation, as shown in Table 5,1, Oxacycloheptane is in 
a similar position to T.H,P. in that it is the opposite side of 
the.peak caused by the positivet:.0p of tetrahydropyran, with a similar 
.1 Gp to T .H.P. There are no reports of its polymerisation in the 
literature although with a t:.Op of -1.4 it has a favourable free 
energy of polymerisation. In this respect We must look further 
for the reasons for non polymerisation of oxacycloheptane,. The 
cause may possibly lie in the non favourable kinetics of the system, 
the problem being 'in ,the mechanism rather than the free energy •. 
The three thermodynaDlic parameters, .1H heat of polymerisation, 
, , p 
.1 S the entropy change on polymer1sation and.10 free energy p p 
change onpolymer1sation are linked by equation 5.,1. and are tabulated 
for the various monomers in Table 5.1. 
- Tt:.S ' p , ...... (5.1) 
Table 5.1:- Thermodynamic parameters involved in the polymerisation 
Ring 
o 
of cyclic ethers at 298 K • 
1I0nomer .1s p t:.H t:.0 P Size (.s.u. ) p -1 (K.cal.mole ) (K.cal.mole 
, 
3 ethylene oxide -18.7 -22.6 -17.0 
4 oxacyclobutane '-15.9 -19;3 -14.6 
exetane 
trimethylene oxide 
1,3 -epoxide 
5 oxacyclopentane -10.2 
- 3.5 - 0.5 
tetrahydrofuran 
tetramethylene oxide 
1,4 -epoxide 
6 . oxacyclohexane -1.1 + 1,3 + 1.6 
tetrahydropyran 
pentamethylene oxide 
1,5 -epoxide 
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-
7 oxacycloheptane 
oxepan 
hexamethylene oxide 
1,6 -epoxide 
, 
- 0.7 - 4.0 
Substituted 4 membered rings have been studied by several 
- 1.4 
workers (121-124) however the polymerisation of oxacyclobutane itself 
has received far less attention. Rose (101) successfully polymerised 
oxacyc10butane using BP3 as catalyst and obtaintd a polymer of molecular 
4 Weight 3 x 10 , as too did Yamamoto et a1 (24) using the same method. 
Phosfluorogen A, the catalyst employed by Oreyfuss and Dreyfuss (99, 
125) for ring opening T,II.P. has also been used in this work for ring opening 
oxacyc10butane. The resulting polymer. P.Tri.M.O. has been obtained 
over a wide, range of, molecular weight as shown in Table 4.7. Molecular 
5 
weights of the order of 10 have been achieved and this is the first 
report of high molecular weight P.Tri.M.O. 
The ability to produce high molecular weightl'P.Tri.M.O. is probably 
due to the extra stability of the pp; gegenion, present in phosf1uoro-
,,'m' A' catalyst, From a chemical standpoint this is considerably more 
stable than say BP~ or SbC1;., commonly used catalysts which are often 
responsible for termination, or a combination of transfer and termination 
within the po1ymeriaation reaction. 
Mechanism of Polymerisation 
It is believed (99,125) that the propagating species in the 
cationic polymerisation of T.II.P ls the tertiary oxonium ion 
Propagation occurs via a nucleophilic attack of the monomer oxygen 
at an ~ carbon atom to the positive oxygen. A new tertiary oxonium 
ion is formed but one monomer unit longer. 
attack by the 
penultimate oxygen atom followed by expulsion of monomer. At 
monamer-polymer equilibrium the'rates of propagation and depropagatLon 
becomo equal. 
Oxacyclobutane polymerises cationically and it is proposed that' 
it proceeds in a similar way to T.H.P. Dreyfuss and Dr~yfuss (99) 
suggest initiation by phosfuorogen A, occurs via a hydride ion 
abstraction and that the expected product,'of hydride ion abstraction, 
+ -chlorobenzene,1s ,formod in the decomposition of p-CICsH4 N2 'PFS ' 
Therefore, by analogy 
CH2-- CH2 I ' I ) 
CII-O" 2 .-
o 
, Cl 
PPa CH2-cH G I ~ + CH -+0 2 
oxonium ion 
PP~ 
+ 
Nucleophilic attack of monomer oxygen at the ,ct.,carbon atom of the 
oxonium ion then proceeds as before' 
I , " 
and propagation 
N2 
Lt ving Polymers 
In any polymerisation process; successive additions of monamer 
units to a growing polymer chain (propagation) w11l continue either 
until a termination reaction takes place, until equilibrium is 
established, or until the supply of'monamer is exhausted. In the 
latter case Szwaro (126) has given the name 'living' to the 
, polymer system. DreYtuss and Dreyfuss (99) have shown that T.H.F. 
may polymerise without any appreciable termination and consequently 
the system is an example of a 'living' polymer. 
Ifi thin a 'living' system, eventually a steady state is attained 
and the rate of propagation becomes equal to the rate of depropagation, 
although In most practical situations the equilibrium is such that 
depolymerisation is trivial. For T.H.F about 3.0M of monomer remain 
in equilibrium with polymer (99) at a polymerisation temperature of 
250 C. This compares with for example styrene where under normal 
polymerisation conditions the amount of monomer in equilibrium is 
-6 1'5 ' 
very smalt (10 -101.1) (127) but for o(-methylstyrene is 0.75 
o '0 
and 7.5M at 0 C and 60 C respectively (128). T.H.F. is therefore 
more similar to the anionic pt-methylstyrene case. 
It a system containing 'UVing' polymers is at equilibrium 
at one temperature and the temperature is then altered, the steady 
state is destroyed and either polymerisation or depolymerisation 
will occur until a new steady state is established. Addition of 
further monomer to a polymerisation at equilibrium will cause 
polymerisation to oontinue until equilibrium is again reached at a 
higher ,nolecular weight. If another monomer ls added a block 
copolymer should result. Conversely, lf additional growing centres 
are introduced to the polymerisation at equilibrium, propagation of 
the new chalns will occur at the expense of depropagation of existing 
chains and a lower molecular weight polymer results. All of these 
phenomena take place in the T.H.F. polymerisation system catalyzed 
by Phosfluorgen A. 
From the work of Dainton and Ivin (119) on reversible polymer-
isations, the concept of a polymerisation ceiling temperature has 
been defined. That is for reversible polymerisations there is a 
temperature above which the formation at long chain polymer"frolll 
monomer ls less favoured than depolymerisation and below which 
polymerisation is the more favoured process. This temperature is 
termed the ceiling temperature, T ". ,It may also be defined as the 
C 
temperature,at which the free energy Of polymerisation is zero and 
henOe 
•••••• (5. 2) 
and also 
t,Gp .. -RTlnK 
0 .. RTlnK 
K .. 1, 
" 
where K is the polymerisation- de'polymerisation equilibrium constant 
and R the gas constant. The To of T.H.F. is thought to be about 
850 C(99;129). 
Polymer dhpersity 
lIIiyake and Stockmayer '(130) say thatlor batch polymerisation 
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of a living system,. where neither initiator or monomer is added 
after the start, and, w1 t~ an i,rreversible polymerisation stage, 
the ratio of chain lengths, determined by weight and number 
,,:verages Xw!,.X
n
, will pass through a, maximUDt of about 1.3 soon 
after the start befo~ falling to unity at long polymerisation times. 
Further, Miyake and Stockmayer have also stated that for reversible 
living polymers, where the.depolymerisation reaction is involved, 
i I i reaches a Poisson distribution fairly rapidly (~l.3) 
w n ' 
but ultimately approaches 2.0, the value for, the 'most probable' 
equilibrium or Schulz distribution. 
The P.Tetra.M.O. samples synthesised in this work have a, 
molecular weight distribution i I M of about 1.8, as shown in 
w n 
Table 4.2. A high value is not unexpected as demonstrated in the 
kinetics of the system. In the presence of pp; gegenions the 
propsgation-depropsgation equilibrium is very mobile and po1ymerisa-
tion can readily be reversed. Consequently the system is reversible 
and as predicted, ultimately a value of 2.0 should be obtained. 
, In view of the additional problems caused when conducting dimensional 
studies on polydisporsed samples, the possibility of producing a narrower 
molecular weight distribution polymer was looked into. 
One important consequence of a 'living' polymer is that the 
molecular weight of a polymer isolated from such a system depends 
only on the number of growing centres and the amount of monomer 
available for polymerisation. It would therefore seem that for 
monod1sporsity short polymerisation times and low conversion to 
polymer are the necessary conditions. 
AcCordingly a series of P.Tetra.U.O samples were polymerised 
follOWing these conditions, and the disporsity of the samples obtained 
compsred with previous samples. Instead of using polymerisation 
times from 1 - 10 days, periods of 3; to 5 hours were allowed. The 
catalyst was first dissolved in a minimum amount of monomer. In 
this wav it was hooed that a system containln2 short chains with 
actIve growIng centres could be obtaIned. These would all have 
equal abilities to continue growing on addItion of the rest of,the 
monomer. Even with such, elaborate methods these samples were found 
to have dIspersIties, MwlMn ot about ,1.8, as shown in Table'4.5. 
which is identical to the previous P.Tetra.M.O. samples. 
The P.Tri.M.O samples produced in this work are not monod18persed 
,either, and as shown in Table 4.7 have molecular weight ratios i / M 
, w n 
lying between 1.5 and 1.8, with an average of about 1.13" 
Contrary to the T.H.l"./P.Tetra.M.O. system in which depolymerisa-
tion and polymerisation kirietics are sim,Uar, for oxacyc10butane/P.Tri.M.0., 
thedepolymerisaticn rate is pressumed much sloWer than that for the 
polymerisation stage. Indeed, theoretically, it is unlikely that the 
polymerisation of the four-memoored ring is measurably reversible at 
room temperature. Knowing that the free, energy changes for the poly-
merisation ot T.tt.F to P.Tetra.M.O and'oxacyclobutane to P.Tri.M.O are 
respectively about -2 K.cals. mole-l and'-22 K.cals. mOle-I, the 
eqUilibrium concentration Of the four membered ring 18 calculated to 
be extremely small, o 0' " ' < 10-' 13')1; at 0 C or' 25, C, compared wl th the 
20-'30% of T.tt.F present: at equilibrium, with its polynier. Since 
the reaotion is not measurably reverdble accorliling to Miyake and 
Stookmayer the molecular weight diStribUtion should fail to unity. 
HoweVer'the P.Trl.M.O samples prodUced do not agree with this prediction 
, 
, being of the order of iii' /ii '" 1.6 as mentioned above. w n 
There are however other'factors Whicll may, cause PolYd:i.spersity. 
In partictiiar a~y impUrities not eliminated from ,t~e system, despite, 
the rigoriouscondltiona described in, cllapter3",can cause pre~ture 
termination of tile polymer chains, resulting in a broader diStribution 
of molecular weight.' Secondly there is the possibility of chain 
transfer. 
During the course 'of the polymerisation the oxon1umion,reacts 
with monomer oxygen and penultImate polymer chain oxygen. In addition 
to this it should also be capable of reacting with other ether 
oxygens. Polymer ether oxygens are always present and intermole-
cular reaction is possible as shown 
+ 
Although this mechanism has been written with respect to oxacyclobutane, 
the same applies within T.H.P. polymerisations. The overall result 
ot such a reaction is to alter thomo1ecu1ar weight distribution of 
the product and clearly any such reaction taking place would have a 
direct bearing on the tinal dispersity of the sample, although the in 
value would not be altered. 
Bearing in mind Szwaro's definition ot the living polymer Dreytuss 
and Dreyfuss (99) in discussing the kinetics of polymerisation of T.H.P. 
to P.Tetra.M.O propose that if there is a direct relationship between 
the amount' of catalyst charged and the number of growing centres tormed, 
and the system is living, then there is a linear relationship between 
log [~] and log [catalyst). Th1s thore undoubtedly 1s, as there also is 
with the P.Tri.M.O samples synthesised in the present work. The tact 
that they use this aa evidence of a 'living polymer' Is another matter 
since not only ls this relation true of thesystema being described here 
but in general many other types of polymerisation can also have a linear 
variation of log [1]] with log [catalyst or initiator]. In fact Szwarc et 
al. (131,132) in his work with 'living polymers', shows that a linear 
.~. 
relation exists between log {TJ 1 and log [M/icl where M repres'mts 
monomer and C catalyst concentration. The i arises since Szwarc 
is polymerising styrene by anionic polymerisation using a naphthalene -/Na+ 
complex. Dimerisation of the primarily formed species produces polymer 
with both ends living, consequently for each mole of catalyst used two 
growing centres are formed. Thus, the polymer molecular weight is 
dependent on [M]/i[c], a far more discerning test than that proposed 
by Dr .. yfuss. 
Arguing along the same lines in the present work, if each catalyst 
molecule initiates one living chain, the theoretical molecular weight 
is given by the expression in equation (5.3). 
Theoretical molecular weight .. 1!l [cl 
x •••••• (5,3.) 
where (M] and [cl are defined as belore and Mo ia the monomer molecular 
weight. Table 5.2 compares the theoretical and experimental values 
obtained. 
Table 5.21- Comparison of experimentally determined and theoretically 
calculated molecular weights • 
. . 
. 
P,'1'ri;M.O. Catalyst 14 Theoretical 
sample Com)entration n M.W. 
I excess 25,000 
-
11 
. -2 
.7.0 x 10 . ~I 106,000 25,000 
III " -3 6.15 x 10 160,000 140,000 
IV 4.0 x 10 -3 226,000 220,000 
: -3 , V 3.0 x 10 237,000 290,000 
VI 2.46 x 10 -3 327,000 360,000 
VII 3.70 x 10-4 755,000 2,400,000 
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The agreement obtained between theoretical and calculated molecular 
weights is excellent and apart from samples II and VII which shall be 
discussod later, are well in line with the above prediction for a 
living polymer. On this evidence it would suggest that oxacyclobutane 
polymerisation with phosfluorogen A catalyst is an example of a 
living system. Fig. 31 represents a graphical treatment of these 
results and shows' a plot of I/M 
n 
versus [C)/[M)M • 
o 
This in 
effect is a reoiprocal plot of experimentally determined versus 
theoretioally calculatQd moleoular weight, For a living system this, 
should have a slope of unity and should pass through the origin. This 
is approximately so, but in'fact the best graphical fit has a slope of 
A'O.8 and misses the origin. The reason for this is probably chain 
transfer. 
Polymer chain length is given by equation (5.4) 
.. + ...... (5.4) 
where xn represent's' actual chain length" (x) is the theoretical 
no 
ohain length (eg [!.\]l[C) and Ktr is the chain transfor constant. The 
transfer term represents a numbor of possibilities and clearly these 
may all occur in the same ,systnm. OXonium ion reacting with ether 
oxygens has been dealt with earlier where growing polymer reverts to 
dead polymer and the overall effect 1s a broadening of molecular weight 
distribution but a retention of the SRIlIe average molecular weight. This 
has been omitted in the ,transfer term of equation (5.4). A further 
possibility is for growing polymer to go to monomer (there is no solvent 
present) and a possible mechanism is proposed for this below 
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FIG 31. 
VARIATION OF EXPERIMENTAL MOLECULAR WEIGHT 
WITH THEORETICAL FOR RTRI.M.O. SAMPLES. 
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The sudden termination of the growing polymer chain proposed here 
will have the effect of lowering molecular weight the result being 
dead polymer and monomer. 
The sum total of transfer effect is to cause the plot shown in 
Fig. 31 to have a positive intercept, as a limit is being placed on the 
infinite molecular weight that can theoretically be achieved. 
Whereas the proportion of chain transfer may not vary, at high 
molecular weight it assumes a greater significance, and it is thought 
that this is the reason for the observed lowering of molecular weight. 
For instance P.Tri.M.O sample VII has in of 755,000 but theoretically 
its molecular weight is calculated to be 2,400,000. Although this appears 
erroneous it is explained by chain transfer and in fact lies on the 
graph shown in Pig. 31. 
Further, P.Tr1.M.O samples In to VU show an average 75% yield 
for monomer to polymer conversion, as shown in Table 4.6. Allowing 
for polymer losses, if the catalyst is only some 80% efficient this 
too will assume a greater importance when it is being used to the limits 
of its efficiency to produce high molecular weight polymer. 
Returning to the results of Dreyfuss and Dreyfuss (99), instead of 
_1?'7_ 
plotting log [1'\] versus log [cl for the P.Tetra.IoI.0 sBlDples as they 
have done but plotting log (Mv] versus log [Cl, then if the system is 
-1 
a living one molecular weight should vary as [cl '. Fig. 3~ shows 
the appropriate plot and from it the slope does in fact tend to a 
slope of -1 at low catalyst concentrations. A curious feature 
however is that as catalyst concentration increases the slope rapidly 
falls off and tends to zero. The kinetics of polymerisation cannot 
be as easily explained as Dreyfuss and Dreyfuss suggest· •. 
Here it is believed the problem lies in the initiation stage. 
Por polymerisation to occur monomer must react with catalyst to 
form an ionic species as follows • 
. ' 
••••. '.(5.5) 
'rom this the oxonium ions are provided for subsequent polymerisation. 
If with 'increasing catalyst concentration this reaction is upset then 
the number of oxonium. ions being produced will diminish. This we 
believe is the cause of the anomalous behaviour at high catalyst 
concentrations •. If the limiting solubility of the ioniC species occurs 
beforo that of the coordinate species then equation (5.5) ls best 
described as an equilibrium reaction with icnic speCies going to 
. . . 
coordinate ,species being reprosented by the right to 1eftreaction. 
Not on1ydoes this exPlain Dreyfuufs observations but also 
the fact that P.Tri.IoI.0 SBlDple 11 synthesised in the prosent work 
has i of 106,000 but theoretically should have a molecular weight n .' 
of 25,000. Concentration of catalyst is high enough for ·there to be 
a right to left reaction occurring in equation (5.5). The number of 
_'11')0_ 
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+5 
ionic species present is below that expected, consequently less 
growing centres are formed. A higher Mn is observed because there 
are less polymer chains present than theoretically predicted, but 
those that are, are longer. 
On this account a limiting stage should be reached whereupon any 
further increase in catalyst concentration produces no corresponding 
increase in the number of active growing centres. This is exactly 
what has been observed. Using an excess of catalyst (P.Tri.M.O; 
sample I) a limiting molecular weight of 25,000 was found at the low 
end of the scale. 
5.2 POLYMER SOLUBILITY 
Solubility parameters 
The interaction that arises when dissolving an amorphous polymer 
in a liquid is similar to that between two liquids. Solubility will 
occur if the free energy of mixing, ilG, given in equation (5.6) is 
negative. 
- Tils 1 •••••• (5.6) 
The partial molar entropy of mixing'~SI' of solvent is usually large 
. and positive in a non-aqueous system so that the sign of ilGl is 
determined by the sign and magnitude ofilHl , ·theheat of mixing. There 
are two possible situations. If there is some kind of positive interac-
tion between polymer and liquid, so that ilHl is negative, then solution 
will occur. The so called 'good' solvents for a particular polymer 
belong to this group. Or, when interaction involves only dispersion· 
forces, ilHl being positive. then the magnitude of ilHl is the critical 
factor in determin1ngwhether or not solution will occur. Hlldebrand (133) 
in his work on the solubility of non-electrolytes, showed that the heat 
of mixing per unit volume, when only dispersion forces are involved, is 
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,. •.•••. (5.7) 
where VI, and ,v2 are the volume fractions of solvent and polymer, and 
8 1 and S2 are the solubility parameters of solvent and polymer, given 
by 
••••• (5.8) 
t:. E/V, the energy of vapourisation per un1 t volume is called the 
cohesive energy density (CED). ' For t:. H to be minimal SI and 82 
'should be close in magnitude. Therefore if the solubility of a 
polymer i. a partic,ular solvent is approached via solubility para-
meters, in the absence of specific int~raction effects, it will 
dissolve if the C.E.D of the polymer is close to'that of the solvent. 
This method of determining polymer solubility is not always'successful 
however. In many cases interaction effeots can dominate the heat of 
mixing. This may cause, for instance, a polymer to dissolve in a 
solvent where their CED's are far removed from each other~'" 
Theta solvents 
AS' explained in chapter 2 the interaction between solvent ,and 
polymer molecules will cause the polymer chain to be extended to a 
greater or lesser degree. Tbe mean end to end distance of the polymer 
chain will thus be greater than that predicted for an identical 
unperturbed chain. 'This chain extension is characterised by the 
expansion factor 0(. As the solvent is made less good, (e.g. by 
lowering the t~perature),the configuration of the chain moleoule 
approaches that of a random coll. This is accompanied by 0( approaching 
unity and becoming equal to unity at a certain temperature, the theta 
temperature. At this point the polymer in solution is at the point 
of phase separation. In quoting a theta temperature a uniquo 
characteristic of a polymer·and solvent are being given. 
A theta solvent can.be a single solvent or a mixture of two, 
three or more solvents and non-solvents. A good solvent can be 
made into a theta solvent by adding non-solvent (precipitant) until 
the polymer is just at the point of precipitation. However the use 
of mixed solvents immediately raises further problems. It is possible 
for the composition of the solvent mixture within the domains of the 
polymer molecules to differ slightly from that outside owing to 
selective absorption of solvent in preference to the non-solvent. 
This will result in a non homogeneous system, although in sufficiently. 
dilute solution this may be overcome. Neither can the mixed solvent 
be considered a single solvent with regard to polymer preCipitation, 
since nonsolvent-solvent ratios differ markedly for the two phases in 
equilibrium. 
Phase separation techniques will always be molecular weight 
dependent with higher molecular weight polymer tending to come out 
of solution first. This i8 not ideal in the' thermodynamic sense since 
. . a 
unless ~. ! in the Flory-Huggins equation (2.18) or T a I, i.e. 
a (1 - T) • 0, in the dilute solution theory equation (2.30) , theta 
conditions are not exact. The corresponding condition for a mixed 
solvent is phase separation of a species at infinite molecular weight. 
Thus the single solvent will always be preferable to a mixed solvent. 
At the theta temperature the polymer solution behaves as an ideal, 
or at least a pseudo-ideal solution. In a truely ideal solution both 
the enthalpy of dilution and the excess entropy of dilution are zero. 
The thermodynamic behaviour described above results from the fact. 
that intermolecular attraction terms just compensate for molecular 
size, so that the excluded volume becomes zero. 
Deviations from ideality observed in dilute polymer solutions can 
be traced by evaluating the second virial coefficient. This quantity 
depends on a large number of factors and the work described here 
has shown its dependence on solvent, molecular weight and temperature. 
The decrease of A2 w1 th increasing molecular weight is shown in 
Pig. 33 for the series of P.Tri.M.O samples synthesised in the present 
work. The dotted line in the same figure is the theoretical variation 
predicted from Plory's dilute solution theory with additional approxi-
mations. The theoretical line was deduced from the expression given in 
equation (5.9) as described below (54). 
• ••••• (5.9~ 
A2 is the second virial coefficient and .N Avogadro's number. The 
quanti ty J represents various thermodynamic parameters and J j 3 is 
obtained from the very simple relation shown in equation (5.10) 
•••••. (5.10) 
The function F(X) (with X replacing J j 3) varies as the series expansion 
P(X) • 1 x 
- 2!2~' + L 3:3SJ'a. 
, A combination of equations (2.44) and (2.46) gives 
...... (5.11) 
The ratio (r!/M)!, which is independent of molecular weight, has been 
calculated to be 0.728 for P.Tri.M.O as given in Table 5,8. Hence from 
equation (5.U), ["0] for each polymer sample is known and using 
equation (2.43) 0(, the chain expansion parameter follows. Hence 
knowing"', P(J j3) can be calculated. A value of J in equation (5.9) 
waa found by taking a known A2 for one of the P.Tri.M.O samples from 
2·5 
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Table 4.8. Thus having fixed a value of J 'by trial, A2 values were 
calculated for the'series and plotted as a fUnction ot molecular 
weight. 
, Flory (54) has observed and indeed the same has been found here 
that,there is a significantly larger decrease in A2 with M than is 
predicted by theory. 'Whereas theory predicts a slope of r: - 0.1 
in practice - ,0.8 is obtained. Inaccuracies in the theory may arise 
since the' polymer chain is thought': of as a cloud of chain segments 
and when segment interactions are estimated they are done so without 
taking into account ~he contiauity of the chain from one'segment to 
the next. 
Simple excluded volume theory can also be used to predict a 
molecular weight dependence for,A2 since from equation (2,28) we have 
the' relationship A2 2 ' D J(u/2Y where u represents excluded'volume. 
Very Simply, lf the excluded volume of the polymer chain ls taken as 
the volume of an equivalent sphere of radius R , its volume; u; will 
e 
3 be given by 4/3~. Assuming the radius of the sphere ls proportional 
e 
to the end to end distance of 'the polymer chain Le. R 0(. (7)!, then 
e 
~ 2 2 
since r co( n1 where n is the number of bonds per polymer chain and 1 
the mean square bond length, it fol~ows that r2 is directly proportional 
to molecular weight since n is directly dependent on y, Hence we 
may write 
• -~ 
uo(. 4 "IT" (r~) 3 ., 
... " 
3 
4 2' 
,\,0(, 3 "11"11 
'i l-
and 
- A2 -< !"1f"M 3 y2 
' .. ,' ...... (5.12) 
A2 
-! 
• • • KM ...... (5.13) 
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K is a constant including the proportionality constant. From this 
, , 
approach A2 is shown to have a dependence on molecular weight to 
the -!', 
Thus the simple excluded volume theory outlined above shows a 
greater M dependence of A2 than is predicted by Flory's dilute solution 
theory and is more in line with the slope ~ - 0.8 observed in Fig. 33. 
However, the main objection to this theory is that when the sphere 
expands (i.e. M increases) it does 'so faster than Gaussian chain 
statistics predict. 2"' Therefore r is not really proportional to M 
2 (1 + x) but to some higher power of ,M (i.e. r ~ M ), in a good solvent. 
This dependence of M is the same as the 'a' value calculated in the 
relationship [~l • KMa • o For P.Tri.M.O. ln toluene at 25 C it was 
calculated, as shown in section 4.2.4, to have a value of 0.81. Conseq-
uently x has a value of - 0.3. This has the effect of lowering 
molecular w~ight dependence on A2, as given by equation (5.12), and 
brings it more in line with dilute solution predictions. 
However it still does not account for an experimental variation 
of 'W-0.8. In addition there must be some term that causes a lowering 
of molecular weight dependence on excluded volume. Possibly, with 
chain expansion causing a lowering of segment density, exclusion for 
a given sphere will become less rigorous. Molecular weight dependence 
on excluded volume will now be powered by some f2sctional power y. 
Thus uo< Id (~ .. - y) 
• The present results show a molecular weight 
dependence of 'V - 0.8 with A2 • In order to fit experimental results 
to prediction, and bearing in mind M also has an additional positive 
dependence given by a, the nlue y is required to take "S -v- 0.6. 
0.9' 
,So, u must vary as M • 
The dec,reaseln A2 observed in a transfer from good 'to poor 
solvent is shown in Tables 4.20 and 4.21 for both P.Tri.M.O. and 
P.Tetra.M.O. 'Similarly lt was also pointed out in sectlon'2.2 that 
temperature should have a pronounced effect od the value of A2 
particularly in poor solvents. Tables 4.15 and 4.17 show how A2 fall. 
with deoreasing temperature until at 25.00 e for P.Tri.II.0. in oyolohexane 
o 
and at 44.8 e for P.Tetra.II.0. in l-hexane, the polymers are at their 
respeotive theta oonditions and zero A2• 
This method was used to find theta conditions for the two polymers. 
The critical misoibility temperature was first c'rudely determined and' 
then the theta temperature exaotly located from A2 data.' Other methods, 
such as cloud point titration, are available for determirl1ng theta 
conditions, but were not used here. 
A search of the literatura shellS that there are theta solvents 
tor P.Tetra.M.O. already known. Evans and Huglin '(22) have shown 
I 1 0 ,. 0' 
that isopropanol at 44.6e, diothyl ma.1enate at 33.5 e and a mixture 
, 0 
of ethyl acetate/n-hexane (22.7/77.3 wt. ~) at 30.4 e are all suitable. 
Also, Kurata et al. (21) have'quoted the same mixed solvent 'in exactly 
o the same proportions to be a theta solvent tor P.Tetra.M.O~ at' 31.8 e. 
However, none ot these are suitable in the present study as:~ non-polar 
solvent for dielectric measurements is required. lIay and Wetton (115) 
have said,that'cyclohexane/n-heptane is a theta solvent for P.Tetra.M.O. 
but the precise conditions have not been ascertained. Due to the 
non-polar nature ot both'components, this prompted initial investiga-
tions for a theta solvent. Osmometry was used tor determining second 
viria1 ooefficients of polymer solutions made ot 'varying cyclohexane/ 
n-heptane proportions. This yielded anomalous results in that over, 
a wide variation of 'solvent composition, A2 values below 10-4 could 
not be obtained, in spite of the tact that polymer was on the verge 
ot precipitating trom solution on occasions. A tUrther feature 'ot the 
11' le cersus e plot was a high degree ot curvature tor some ot the lines 
(see Fig. 17). 
The anomalous behaviourot the mixed theta solvent is riot an 
unknown_~enomena. Oee (1114) and scott (l35)~haVt!-.wdtten thd 
If ,.1' 
;./ '-"" 
preferential absorption of one component by the polymer coils may 
occur, resulting in the ratio of solvent to non-solvent in the 
two compartments of the osmometer being slightly different at 
equilibrium. The time required for final equl1ibriUII may be 
prolonged aa a result of the disproportionate movement of the two 
solvent components across the membrane. 
Because of the additional complications arising with mixed 
solvents attention was diverted into;t1nding a suitable Single theta 
solvent. 
o I-hexene at 44.8 C was found to be'a theta solvent for P.Tetra ••• O. 
Although not strictly non-polar the amount of polarity cauaed by the 
double bond ~. O.O~D), is insufficient to complicate subsequent 
dipole moment measurements. 
As mentioned earlier, the P.Tri.M.O. prepared in this work is 
the first recorded high molecular weight polymer to be obtained. 
o . 
Cyclohexane at 25 C was found to be a theta solvent (136). ,Cyoloheptane 
and cyoloootane show suitable theta solvent properties, although 
P.Tri.M.O. requires progressively higher temperatures to dissolve 
in them. However, as Table 4.16 shows it is soluble in all of these 
o 
solvents at 40 C. With cyolohexane being both the most suitable and 
readily aval1able it was not neoessary to study the P.Tri.M.O./ 
oycloheptane or P.Tri ••• O./cyolooctane systems further, It ls clear 
though that the theta temperature for these two solvents 11es between 
25 - 400 C. 
5.3 UNPERTURBED DIMENSIONS 
5.3.1 The method of light scattering 
The precision with which measurements can be obtained from 
light scattering depends greatly on the accuracy of measurement of 
the change in refractive index with ooncentration, because this 
later appears as a squared term ln the Debye equation. For the 
greatest accuracy it is preferable for this quantity to be as large 
-1 :lR_ 
as possible but it is usually in the range 0.03" to 0.2 cc/g. The 
dn/dC values used in this work (see Table 4.19) all lie within this 
,range although P.Tri.M.O. in toluene at -0.0306 gives the lowest 
value. In fact P.Tri.M.O. in various solvents shows far smaller 
refractive index increments (varying between -0.03 snd -0.04) than 
does P.Tetra.M.O. (varying between +0.13 and +0.16). 
TMd1fferent~81 method employed in this instrument holds the 
great advantage of being fairly insensitive to small temperature 
changes.' Ambient temperature for instance, need not be cl08ely 
controlled since the temperature coefficient of the difference in 
refractive index between a solution and its801vent is mUCh smaller 
than that for the refractive index of 801ution or solvent alone. It 
is eS8ential, however, that solution and solvent in the differential 1, 
cell are at the same temperature and therefore all solutions were 
allowed to attain equilibrium before subsequent measurements were 
taken. Tests performed with sucrose solutions in water showed that 
with the cell lid and cell-housing in position, no detectable change 
in observed values of d occurred over a period of two hours. With 
a highly volatile solution .uch as l-hexane, however, a significant 
drift offj,d with time was noted. ' It was tl'le're.iorenecessary for 
readings to be taken rapidly. The time required for equ!UbriUIII 
was shortened by taking pre-thermostated solutions. 
Both perturbed and unperturbed dimensions of P.Tri.M.O. and 
P.Tetra.M.O. obtained from light scattering are given in Tables 4.20 
and 4.21. '\ The values given are the root _an:, square end to end 
! \ ! ' For comparative purposes tliese «ist.nees are best quoted distance., 
in terms of the characteristic ratio 2' 2 r 1nl. n is the number of 
main chain bonds and is obtained, as the product of the degree of 
polymerisation and the number of bonds per monomer unit (which is 
4 in the case of P.Tri.M.O. and 5 for P.Tetra.M.O). 2 1 is the mean 
-, .,,,-
square bond length and is calculated from the'C - C and,C -0 bond 
lengths where 1 a 1.53 X and 1 D 1.43 H. 
c-c 'c-o 
Equation (2.62) shows that light scattering data can yield 
weight average molecular weight but z average end to end distance. 
,- 2 
Therefore in the conver~ion to r /nl , n must ~ in terms ,of the 
2' 
same averago as r 'i.e. as the z average number ,of bonds. This can 
be calculated from a knowledge of the z average molecular weight. 
As explained in section 2.5, Banoit (75) has proposdd a method 
of calculating the z degree of polymerisation, N , directly from 
z 
the Zimm plot by using both the limiting tangent and the asymptote 
to the reCiprocal intensity curve. The average N for P.Tri.M.O. 
z 
calculated from Zimm plots (Figs. 2la and 21b) is, 27,800 and for 
P.Tetra.M.O. calculated fromplots'(Figs. 22-24) is 24,000.' These 
2' 2 
values were used in calculating r /nl values for perturbed and 
unperturbed dimenSions of the two polymers and are shown 1n Table 5.3. 
Table 5.3:- z - average dimensions from Benoit treatment 
2 
r 
nl2 
Conditions P.Tri.M.O. P.Tetra.M.O. 
(N .. 27,800) 
z " 
(N OR 24,000) 
z 
Good sol vent 3.04 4.00 
e solvent 119 2.7 
These values are a lot lower than the theoretical ones calculated' 
by Mark (42-44) shown in Table 2.2. The anomaly lies in the fact 
that the'Nz'values as calculated from the Zimm' plots are far too high 
when compared with'their Nw values, see Table 5.4. 
Table 5.4:- Comparison of weight average degree of polymerisation 
with Benoit z aversge 
Polymer N N 
w z 
P.Tri.II.0. 8620 . 27,800 
. 
I 
P.Tetra.Il~O. tl690 24,000 .' 
They show ratios of approxl~ately 3 : 1 for 11 I Y which is highly 
z w 
unlikely if ii I ii 18 1.8 : 1. Whereas in theory the shape of the 
w n 
2 plot OflKc!R9 versus sin 9/2 should furnish the dispersion of the 
polymer, in practice it seems difficult to obtain data of sufficient 
precision to yield information on this point. 
The dispersity of the polymers and hence. can however be 
z 
estimated" from a knowledge of the ratio weight average molecular 
. weight to number average molecular weight. For most molecular weight 
distributions encountered in polymer systems the averages of M are 
related in good apprOXimation to the heterogeneity defined according 
to the Bchulz - Zimm distribution function, U, (73), Where U a M /M - I 
. w n 
and 
I • 1 I Cl 4' U) ( 1 4' 2U) 
• ••••• (5.14) 
From Tables 4.7 and 4.2, the average values of M III are 1.6 for 
. W n 
P.Tri.M.O and 1.8 for P.Tetra.M.O. which would mean.U has the values 
0.6 and 0.8 respeotively. 
polymers would then have. 
Table 5.5 shows the 11 values that the two 
z 
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Table 5.5::- Molecular weights trom Schulz. - Zimm distribution 
Polymer lA M M 
n w z 
P.Tri.II.0. 315,000 500,000 715,000 
P.Tetra.IA.O. 350,000 625,000 900,000 
N is given by M Im where mo represents the monomer molecular weight, 
z z 0 
and n 1sobtained tromthe product ot this ratio and' the number ot 
bonds per monomer. . 2' 2 ' The calculated r 1nl values are given in Table 5.6. 
Table 5.6:~ z average dimensions from light scattering 
, . 
2 
!...... 
n12 
Conditions P.Tri.M.O. P.Tetra.M.O. 
Good solvent 6.9 7,65 
e solvent , 4.3 5.1 
Prom equation (2.3) the dimension. of the hypothetical freely 
rotating chain are given by 
'D 
2 
nl (1 + cos 11) (1 - cos e) 
<l.h".d 0>'\ P f 17 
nand 1 have the usual meaninghand 9 is the bond angle, The conforma-
. ' 
tional parameter, is then the ratio of the mean square unperturbed end 
to end distance to the mean square end to end distance of the freely 
. . 
rotating chain 
rr .. •••••• (5.15) 
_t..1.n_ 
From equations (2~3) and (5,15) it therefore follows that 
2 
a 
(1 + cos 9) 
(1 - cos 9) ••••.• (5.16) 
Since the COC bond angles,in ethers'and related compounds are 
approximately tetrahedral, 9 was taken as 1100 and the following 
conformational parameters calculated from light scattering data 
were obtained for P,Tri,M.O. and P.Tetra.M.O. These will be discussed 
and compsred with,values obtained from other methods later. 
Table 5.7:- Conformational parameters from light scattering data 
Polymer 9 Conditions IT 
, ' , 0 ' , .. 
P.Tri.M.O. Cyclohexane, 25,0 C 1.47 
, 
44.8oC P,Tetra.M.O. 1 
-
hexene, 1.60 
One further measurement shown in Table 4.21 is the dimension 
o 
of P.Tetra.Pl.O. 1nl ,~ hexene at 35.0 C, This is below the theta 
o temperature of 44,8 C as confirmed by the Z1mm plot (Fig, 24) having 
negative second virial coefficient. Th1s end to end distance is also 
less than for the ~deal polymer length at theta conditions. It would 
seem therefore that polymer should bn precipitating, and this is in 
fact the case, as after the experiment some,polymer was found separated 
out onto the cell walls of the light scattering instrument. As might , 
be expected, the points on the Zimm plot show an apprecia~le 
',. \ 
amount of 
scatter and therefore no great emphasis can be placed on the quoted 
end to end distance. 
5.3.2. The method of viscometry. 
From equation (2.93) and (2.94), 
dimensions can be calculated. to was 
KO and hence the unperturbed 
21 taken as 2.87 x 10 with 
concentration in g/dl. and other units as defined in section 2.Q 
The dimensions obtained are directly dependent on the chosen value 
of fo' lIowever, it is a problem that also arises when obtain6ng 
unperturbed dimensions from extrapolated data in good solvents and 
will be discussed at a later stage, 
The calculated dimensions, given in Table 5.8, are quoted in 
2" i terms of(r fM) ,as the root mean square end to end distance o . __ (2)! ro ' 
2 2 
and as the characteristic' ratio rolnl '. 
Table 5.8:- Viscosity unperturbed dimensions 
. 
3 (~/ ,R, ('l)~ (X) 2 Polymer Conditions Ke x 10 ro 0 (dl/g) 2 
nl 
. 
P.Tri.M.O. Cyclohexane, 1.105 0.728 420 3.6 
25.00 e 
P. Tetra.!:'. ,1 - Hexone, 1.41 0.S52 650 4.8 
M.O. 44.80C 
As before the conformational parameters "" for the two polymers 
may b9 calculated and they are shown in Table ;;'9. 
Table 5.9:- Conformational parameters from Viscosity data 
Polymer Conditions 
"" 
P,Tr1.M.O. Cyclohexane, 25.00 e 1.35 
P.Tetra.M.O. ° 1 - Hexene, 44.S e 1.55 
The expansion factor, 0< , can be calculated from the viscosity 
data given in Table 4.19 since 
142·· 
.. ...... (5.17) 
and the sam .. quantity from light scattering data follows as 
•••••• (5.18) 
As III result we may compare the expansion factors for P.Tri.IA.O. 
and P.Tetra.M.O., obtained from two independent sources. These 
values ar .. shown on Table 5.10. 
Table 5.10:- ExpanSion factors for P.Tri.M.O. and P.Tetra.M.O • 
. 
Expansion factor,o<. • 
Method 
P.Tri.1I.0. P.Tetra.IoI.0. 
Viscometry 1.60 1.55 
Light Scattering 1.265 1.226 
. 
Prom which it is seen that the light scattering values are lower 
and show an approximately 25~ chain expansion in. going from the 
unperturbed state to the perturbed dimension. Viscometry shows an 
expansion of between 50-60$ in chain length. Although a( from light 
scattering has been calculated via absolute valuos,of chain ~mensions 
. I ~ I it ultimately dep~nds on the accuracy ot the Zimm plots and th, preCision 
. . . 
with which slopes can be d .. termined. As has be .. n outlined earli .. r 
these difficulties are enormous. Therefore the viscometry values of 
1.60 and 1.55 for P.Tri.M.O. and P.Tetra.M.O. respectively, are 
probably the more accurate. Indeed they are in line with the viscometry 
values obtained by amoungst others Flory and Pox (1,137,138) and Flory 
and Krigbaum (139) for poly(isobutylene) in cyclohexane and poly(styrene) 
in benzene, using polymers of ~ simil~r molecular weight. 
5.3.3 Theoretical treatments 
The theoretical treatments of Kurata - Stockmayer (2) and 
Stockmayer - Fixman (3) have been used for The P.Tri.M.O. system in 
toluene. The graphical representations are shown in Figs. 15 and 
16 respectively. From the graPhs,Ka , from which the unperturbed 
dimensions are calculated, and B, a polymer-solvent interaction 
parameter, are obtained. The graphical procedures requh'ed hi these 
two cases are described in detail in chapter 2. 
Using the values of Ko given in Table 4.11 and substitutingintri 
equation (2.46) the unperturbed dimensions of the polymer chain were 
obtained. They are given in Table 5.11 as the root mean square end 
2' 2 to end distance and as the characteristio ratio r /nl • 
o 
Table 5.11 P.Tri.M.O. unperturbed dimensions viaK-S and a-F 
treatments 
I~"OO . K - S S - F . 
. . (::z)i (X) (::Z)i db -
.M.W' basl~ ~ :; r r 0 0 0 0 
n12 
-., 
nl .... 
ii 435 3.83 440 3.92 
n 
-Id 473 3.70 478 3;78 
v 
These values are once again dependent on the chosen value of 
the viscometry parameter ~o' Throughout this work ~o has been taken 
as 2.87 x 1021 , the theoret1cal value for monodisperse polymers. 
This value Comes from the K1rkwood-Riseman theory (78) of viscosity 
at the 0 - p01nt. This figure was obtained by neglecting segmental 
Brownian motion, but Zimm (83) has since verified that the error 
so introduced is only small (-vl%). Brandrup and Immergut (140) list 
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~ in terms ot degree ot tractionation and show it can take values 
. 21 
down to 2.1 x 10 • This i. the empirical value originally recOMM-
ended by Flory and Fox (55), and more recently Hearst (141) has 
21 
obtained a theoretical value ot 2.2 x 10 in good agreement with 
thiS. Banks and Greenwood (142) however working with Amylose acetate 
:1\ 21 suggest that !o is as low as'1.6 x 10 • 
. 21 
To date the ~lue 2.87 x 10 
seems to be the most widely accepted one, and since it has been used 
by other workers for P.Tetra.U.O. systems it has been used here to 
enable us to _ke direct comparisions. 
Por the gr'llphical procedures ot both the Kurats-Stocl<IIULyer 
treatment, shown in Pig. 15, snd the StockMayer-Fixman treatment, 
shown in Fig. 16, results have been plotted on a nUMber average 
and viscosity average molecu1sr weight basis. This has enabled a 
more preCise value tor the intercept and hence Ke t to be obtained 
in each case. It. would be expected that the M based plot would 
n 
show a wider spread ot points since any incorrect Mnor viscosity 
value would be directly retlected in such a plot. Since viscosity 
average molecular weights were calculated trom the K and a values 
obtained in this work there will be an element ot se1t consistency 
which is shown in the respective Mv plots ot tbe two treatments. 
Although the Mv based slopes and consequently the po1ymer-
solvent interaction parameters are not in close agreement with those 
determined trom M based plots (see Table 4.12) tor the two treatments 
n 
they are both in good agreeJDent with each other. That is to say 
polYMer-solvent intersction paraMeters trom in based plots are in 
good agreement tor the two treatments, as too are those obtained 
trom the M based plots. 
v 
- -Disagreement comes in comparing M and M 
n v 
based values. The Ke values obtained from the intercepts of the 
Mn and My based plots are in excellent agroement and consequently 
afford a direct check on each other. It is likely that the M plots 
. y 
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will give the best results for the polymer-solvent interaction 
parameter. This is because in taking viscosity average molecular 
weight wo are using the correct average for the calculations involved, 
"l's'oin the plots of Figs. 15 and 16 functions of viscosity are 
plotted against i and clearly the same errors will occur in each 
v 
axis, and to a certain extent will cancel' each other. 
Considering the methods whereby Ke can be obtained, the graphs 
of the two theoretical functiOns shown in Figs. 15 and 16 emphasize 
the errors to which all current treatments are subjected. However 
the fact remains that even if a fairly accurate value of Ke can be 
obtained, the unperturbed dimensions remain dependent of the value 
of the viscosity constant ~o' for which there is no generally 
accepted value. 
Once again the unperturbed dimensions obtained in this way 
can be expressed in terms of the conformational parameter IT. 
These are shown in Table 5.12 
Table 5.12:- Conformational parameters of P.Tri.M.O. from K-a and 
S-F treatments 
~ a-Il. If. Basis , K - S S - F 
i 1.39 1.40 
n 
-11 1.36 1.38 
v 
, 
5.3.4 Comparison of methods 
It may be true to say that polymer dimensions are most readUy 
obtained from measurements of the limiting Viscosity number, but the 
interpretation of such measurements necessitates a separation of the 
short and long range interactions. At the theta point the excluded 
volume effect vanishes and an estimate of unperturbed polymer dimensions 
(i.e. short range interactions,only) may be made directly from 
measurements at this point. The attainment of theta conditions is 
not easy and sometimes when it may be experimentally impossible it 
is then necessary to make use of one of the thooretical treatments. 
In the present work the theories of Kurata-Stockmayer and 
Stockmayer-Fixman have been applied to a serieso,fJPy>lytrimethylene oxide) 
samples-in toluene. The unperturbed dimensions obtained directly from 
experiment can tbus be compared with those resulting from the theore-
tical separation of short and long range interactions, thus enabling 
an assessment to be made of the validity of the various theories. 
Unperturbed dimensions were measured directly at theta conditions for 
P.Tri.M.O. and P.Tetra.M.O. using viscometry and light scattering. Once 
again viscosUy data was the more easily obtained but the dimensions 
calculated are dependent on the value of !o chosen. Light scattering 
gives an absolute unperturbed dimension but unfortunately the experi-
mental difficulties encountered are numerous. Also as shown earlier 
the polydispersity problem is not easily resolved when determining 
polymer dimensions, from light scattering. The_dimension calculated 
is the z average and when expressing it as the characteristic ratio 
2" :i .. 
r 1nl • n the number of bonds in the chain must be of the z average 
-molecular weight. This work shows how z averages have been estimated 
via the Benoit treatment direct from the Zimm plots and via the 
theoretical treatments of Schulz and Zimm. The former case has proved 
to be highly inaccurate with the difficulty lying in the impossibiltty 
in determining relative slopes from the Zimm plot to any high degree of 
accuracy. 
5.3.5 Configuration of Poly(ethers) 
TheP.Tetra.M.O. dimensions calculated in the present work show 
good agreement, with the viscosity method taking slightly the lower 
value. However both measurements fall between the limits calculated 
by Marl< (20) all of which are shown in Table 5.13. They are therefore 
consistent with predicted values. Other workers (21,22) have obtained 
unperturbed dimensions of P.Tetra.M.O. ,considerably higher than 
predicted, in each case though, their data comes solely from viscometry 
and the final result is always dependent on'the particular value of ~ 
chosen. 
,Dimensions'of P.Tri.M.O. trom light scattering, viscometry and 
the theoretical treatments of Stockmayer-Pixman and Kurata-stockmayer 
are all shown in Table 5.13. The only work available for comparison 
is that of Yamamoto et al. (24) working with 10w'mo1ecu1arwe1ght « 25,000) 
P.Trt.M.O. Once again viscosity measurements determined here give a 
lower value than the corresponding light scattering dimension. The 
theoretical treatments are self consistent in this instant, showing 
~ 2 ' ' 
r 1nl values of 3.76 and 3.8, compared,w1th viscometry and light 
0_, ' 
scattering 3.6 and 4.3 respectively. The validity of the theoretical 
treatments for the systems under discussion does-not seem in doubt, 
the values they produce falling directly between the absolute viscometry 
and light scattering values. Overall, the P.Tri.U.O. unperturbed 
dimensions calculated by the various independent methods, all li. 
22 
within Mark's predicted range of rolnl • of 3.4 to 4.3, showing a mean 
of 3.86. 
The flexibility of a polymer chain is expressed in terms of its 
conformational parameter cr, which is defined in equation (5.15) as 
the root mean square end to end distance of the chain in a theta solvent 
relative to its value which would be obtained if the hindrance to 
the rotation of successive bonds ware absent except tor the bond angle 
restrictions. It is of interest to compare the values of 'this parameter 
tor polymers whose structural uni,ts vary in a systematio, fashion. The 
polyethers with which we are dealing are a good example of this and we 
may represent the series by, -t(CRa) m=-O -In.,. Wher,e m is. the n~ber 
of CR2 units per monomer u~,to the limiting value of m a 00, Which is 
poly( ethylene) • 
-1411-
An overall picture of the present work can now be seen 1n the 
light of known data, and, that predicted, as compiled in Table 5.13. 
Table 5.13:- 'Comparison of ;-02/n12 and for po1y(ethers) -f-<CHa) -- 0 -t: " m n 
, , 
Literature " Present work 
, .,. 
-
I " , 2 
-Polymer r net net 2' 'm 0 0- r (f' 
;2 I 0 
n12 
" I , 
P.M.O. 1 11.8 2.43 .. 143 
" , 
, 
3.8 .. I 1.38 2 
5.6 1.67 16 
P.E.O. 2 4.8 1.55 14 
4.0 (ca1c) 8,9 
, 
3.76 -1.38 (K-S) 
I 
4.1 1.43 .. 24 3.89 1.39 (S-F) 
P.Tri.M.O. 3 3.6 1.35 (Visc) 
3.4 - 4.3 19 4.3 1.47 (L.S.) 
(cale) 
, 
, 
, 
5.6 
- 6.1 1.61 - 1.75 22 4.8 1.55 (Visc. ) 
, 
, 
5.4 1.64 .21 5.1 1.60 (L.S.) 
. , 
, ' P.Tetra.M.O. 4 ;' , 
4.6 
- 5.3 ", 20 
(calc) 
, 
, , 
.. 
, 
P.Hexa.M.O. 6 5.2' 1.61 144 
P.Deca.M.O. 10 5.9 1.72 .. 145 I 
• P.E. 6.67 1.83 146 
, 
" 
;h" • 21 
.. Calculated using r. .. 2.5 x 10 
o ' 
, 0 All values calculated at 25.0 C 
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The er values quoted in Table 5.13 are best shown graphica111 as 
a variation ot l/m, where m represents the nUlllber of CH2 groups per . 
monomer. This is done in Pig. 34. Data for pol1eth1lene has been 
included since this polymer ma1 be regarded as the limiting case 
of the po11ether series in which the number ot carbon atoms between 
ether oxygen atoms becomes infinitely large. 
Prom Table 5.13 and Fig. 34 it appears that P.M.O. and Poly(ethy-
lene) (P.E.) the first and last member of the poly(ether) series 
have the highest polymer dimensions. 
skeletal bond angles, lim r r2] n~" l;;;2 
For chains having equal 
• 00 for both the all trans 
torm and the all gauche torm ot the same sign, Thus such chains will 
2 2 have large values of ro/nl if there is a marked preference for 
either trans or gauche states. Poly(ethylene) chains are in largely 
trans states and P;M.O: chains largely gauche which would e~lain 
their relatively high characteristic ratios. According to Mark the 
low value of the ratio predicted for P.Tri.M.O •• and shown in 
experiment, reflects the fact that neither trans nor gauche states 
are expected to be in great predominance in this chain. 
, 
Data on higher poly(ethers) would enable a better appraisal of 
the series. to be made and accordingly time was devoted in attempting 
to polymerise the 6 and 7 membered ring poly(ethers). These would 
produce P.Penta.M.O. and P.Hexa.M.O. The latter has, of course. been 
polymerised from n-hexamethylene gly.(]:dl. and dimensions have been 
published by Yamamotoet al (144). but this is only of very low 
molecular weight polymer and it is believed that high molecular 
weight polymer has not as yet been produced. 
5,4 DIPOLE MOMENTS OF POLYETllERS 
lt has already been discussed in chapters 1 and 2 that polymers 
showing resultant dipole moments per monomer unit in the direction 
of the main chain axis. have an overall dipole vector proportional 
0-
FIG 34 
a- VALUES FOR THE POLYETHERS AS A FUNCTION 
OF m, THE NUMBER OF CH2. GROUPS BETWEE N 
ETHER OXYGEN ATOMS, INCLUDINGm =00 LINEAR 
POLY(ETHYLE NE). 
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-m 
to chain length and hence molecular weight dependent. Polymers such 
as the polyethers however, which exhibit a resultant dipole 
moment per monomer perpendicular to the main chain axis, do not 
show the same overall dipole moment dependence on molecular weight. 
In· this instance, as the monomer dipole moment vector is not aligned 
to the chain length vector, the same molecular weight dependence does 
not arise. The dipole moment in this type ot chain being dependent 
. on local chain configurat1on. Theretore the problems which 
occurred in dimensional studies due to the polydispersity ot the 
polymer samples do not arise here. 
In conjuction with polymer dimensions in the perturbed and 
unperturbed state, dipole moments ot P.Tri.M.O. and P.Tetra.M.O. 
measured in good and theta solvents in dilute solution have been 
compared with dipole moments obtained trom the bulk amorphous polymer. 
2 The quantities used for characteriSing dipole moment are~ /z 
"2 2 ~ 
andjJ- /om. z is the degree ot polymerisation and hence)l- /z is the 
2' 2 
means square dipole moment per degree of polymerisation. )l- /om , the· 
dipole moment characteristic ratio, is analogous to the dimensional 
.. 2' 2· '. . 
terM r /nl with n remaining the same and representing the number ot 
2 bonds in the polymer, and m the mean square bond mOllOnt. The dipole 
2 
moment terM ~ ) is obtained directly trom t~e Guggenheim~Smith 
equation. The second quantity is derived from this using bond moments 
III .. m .. 0.99D and m .. O.OD (19,20). 
c-o c-o c-c 
are 
The dilute .801ut1on dipole moments <//z) quoted in Table 4.25 
"2 2 
now converted to),- /om and compared in Table 5.14 below, with 
dipole moment. characteristic rat10s of the bulk amorphous polymers 
and the calculated values determined by Mark (19,20). 
-15];" 
Table 5.14. Dipole moment data for P.Tri.M.O. and P.Tetra.M.O. 
2 )J-
~ 
nm 
Sample 
Benzene 9 Bulk 'sample Calculated 
at 25.000 Conditions values of 
Mark (19,20) 
, 
, , 
P.Tri.II.O., 0.77 :!:. 0.07 ' 0.41 :!:. 0.05 0.42 - 0.50 0.47 
" 
P.Tetra.1II.0; 0.74 :!:. 0.07 0.66 :!:. 0.05 0.53 - 0.64 0.5 - 0.6 
" , 
, 
The wide range in values of the bulk sample dipole moments reflects 
the difficulty in obtaining a value of the limiting high frequency 
, dielectric constant of the bulk polymer sample as mentioned in 
section 4.6.2. 
According to the work of Plory(40) there is evidence that long 
range interactions do not have a significant effect on the configuration 
adopted'bya long chain molecule in the 'bulk amorphous state~ Therefore 
any property measured on the bulk amorphous polymer should refer to 
unperturbed chain statistics~ Thus the reported experimental data 
in this work can be used.as a test of the calculatiOns of Mark (20). 
Bulk P.Tetra ••• O. samples give a dipole moment characteristic 
, ratio ,'0.53 - 0;64 in' excellent agreement with the range 0.5 - 0.6 
predicted. Dilute solution data at theta conditions gives 0.66 .:to.05 
which within the 11m1 ts ~hown' is again in agre~ment with llark' s 
predicted values, and also.with the bulk sample data. Bulk P.Tri;1II.0. 
. , 
gave experimentally a dipole mOment characteristic ratio of 0.42 ':' 0.50, 
whilst at theta conditions a value of 0.41 :!:. 0.05 was' obtained. The 
predicted value is 0.47 which is a gOod mean of the results obtained 
in the present work. 
A further dipole moment measurement was made on both polymers 
in dilute'solution in a good solvent. o In benzene at 25.0 C, the 
, 
., 
dipole moment characteristic ratio obtained for P.Tri.M.O. is 
markedly above the unperturbed and predicted values ( which have 
an average value of 0.45). P.Tetra.M.O. on the other hand in the 
same solvent and at the same temperature givea a dipole moment 'of 
0.74 :!:. 0.07, only sUghtl,. above unperturbed and predicted value.s. 
Overall, the dipole moments of the unperturbed polrmers both 
in the'bulk and at theta conditions, are in agreement with the predic-
ted values of Mark (20). An,explanation for the dipole moment in 
good solvent conditions being above that predicted, particular,. in 
the case of P.Tri.M.O., ia proposed below. 
The .model of the P.Tetra.U.O •. chain used here and shown in Fig. 1 
was proposed by Mark (20). Various features are reliably established 
. and the,. a~e : (i) for rotations about CH2 - 0 and 0 - CH2 bonds, and 
about CH2 - CH2 bonds which bring CH2 groups into apposition, gauche 
atates are of Significantly higher energr than trans; (ii) rotations 
about CH2- CH2 bonds which bring 0 atoms and CH2 groups into proximity 
will cause the gauche state to be of equal or slight 1,. lower energy 
than the trans; and (11i) g:!:. g'f" COIilormations with two CH2 groups, 
separated b,. four bonds., coming into steric conflict are excluded. but 
Similar conformations in ~~ich 0 atoms and CH2 groups conflict are 
only suppre~sed. 
The form of the P.Tetra.M.O. chain of minimum intramolecular 
energ,. is theoretically predicted as 
+ + . . 
ttg-tC. aa waa discussed in 
section 2.1.2. with the bonds in the repeat unit labelled as in 
Fig. 1. The intramolecular energr difference between this form and 
the planar zigzag (ttttt) conformation is small. it is however. the all 
trana form which pre!ails in the stable cr,.stalline modification. 
This has boon proved b,. Tadokoro et al (147) thus indicating inter-
molecular interaotions ma,. be of some consequence when more than 
one form is of low intramolecular ",nerg,.. No other arrangements 
of the chain are of comparable low energy. The dipole 'moments 
measured for P.Tetra.M.O, given in Table 5.14, are shown not to 
alter markedly under varying conditions. Consequently if the all 
trans form is of lowest energy, any small variations caused by solvent 
cannot be sufficient to significantly alter the population of the 
configurations. 
The thooretically predicted conformation of lowest intramole-
.. .. ' ' 
cular energy (ttg- g-) for the sequence CH2-o-CH2-CH2- is the 
form adopted by the P.Tri.M.O. chain in its most usual crystalline 
modification. This is due to the preterence ot a C - C bond bearing 
a pendant oxygen tor the gauche and ot, the 0 - C , and C - 0 bonds tor 
the trans contormation as shown diagrammatically in Fig. 1 by the 
occurrence ot bonds i-I to i .. 2. ' In addition; and quite differently 
trom the P.Tetra.M.O. case, two other crystal forms .t P.Tri.M.O • 
commonly occur. .. These have the respective conformations tttg- and 
tttt and are predicted to have only slightly higher intermolecular ' 
.. .. -1 
energy than (ttg- g-) (in the order ot 200 cat.lIole ). On the crystal 
contormation evidence the energy dittereaces between these chain 
conformations is very naIl. There is theretore no reason to suppose, 
that under varying conditions the chain will adopt the same eontig-
urational preferences. In tact from the dipole moment data presented 
here it would appear that the P.Tri.U.O. chain certainly does adopt 
significantly different local chain configurations under good solvent 
conditions than it does in the unperturbed state. 
5.5. EXCl.tmED VOLUME AND CHAIN EXPANSION 
'The discussion of the excluded volume of flexible polymer 
molecules presented so tar has been entirely qualitative. For 
an exact quantitative treatment tirstly the correct relation between 
excluded volume and 0{ must be established and secondly, both ot these 
parameters must be related to suitable thermodynamic functions 
characterising polymer segment-solvent molecule interaction. This 
problem has still not been completely solved and a number of theories 
including .those of Zimm, Stocl<mayer and Fixman:(58) and OroUno and 
Flory.(148) have all tried with varying degrees of success to predict 
experimental behaviour of flexible polymers. 
We shall use here the theory of Flory and Krigbaum (149) in 
which the intera~tion between segments and solvent ·molecules can 
be characterised by heat and entropy parameters X and t; A positive 
value of X representing a poor solvent where. segment-segment contacts 
are not energetically favoured, whereas a negative value indicates a 
good solvent. From this theory Flory and Krigbaum obtain an expression 
for u, the excluded volume, in terms of ,.the chain expansion, ·as 
shown in equation (5.19). 
u .. 2 
3 
( 4-rr:)2 (.(2 
3 
2 
where X .. 2(..( -: 1) 
x 
- - + 
2:2'" 
.... 
; ••••• (5.19) 
An expression for A2 corresponding to this.relation for the excluded 
volume is obtained by combining equations (5.19) and (2.28), whence 
equation (5.20) is obtained 
.N 
.. 
2 • 2 2M 
which simplifies to give 
A ,i Corist (.,<..2 _ 1) 2 ,. .. 
(:J»h 
where Const .. 1 
3.517 x 1023 
2 (c( , - 1) [1 -
X [ 1 - 5.656 + 
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•••••• (5.20) 
x2 ] 31.18 . ... 
•••••. (5.21) 
] 
The theory thus predicts that a plot of • const. versus 
f(o<) sbou1d be linear of slope unity. Here f(O<) represents the right 
hkndt side of equation (5.21) with higher terms of the series expansion 
neglected. 
Unperturbed dimensions from light scattering have been determined 
for three polymers in the present work P.Tr1.M.O., P.Tetra'.M.O. and 
poly (4-ch10rostyrene) (P.4 C1.S.). The data available for these 
three polymers is presented in Table 5.15 and graphically, the agreement 
with theoretical prediction is shown in Pig.35. 
Table 5 15'- Collected light scattering and chain expansion data . . . • 
-! 
-! (A2)z M (XlO-5) A M2 Polymer (r2) f(on 2 • Const. 2 (cc.mo1e.g -2 z (r. ) 
-, (X) (R) (r2) ¥L 
P.Tri.M.O. ; 860 680 0.5000 2.0 x 10..-4 7.0 0.44 
P.Tetra.M.O 1030 840 0.4300 1.8 x 10-4 9.0 0.38 
P.4 C1.S. 720 670 0.1475 2.65 x 10~5 8.6 0.149 
P.3 C1.S. 2000 1.95 x 10-4 24 0.399 
-:-
The end to end distance r is given in ems whilst in accordance with 
, 2 
rand A2 being z-average quantities M is also expressed as its z average, 
determined via the Schu1z Zimm distribution of equation (5.14). 
The dotted line in Pig. 35 denotes theoretical variation whereas 
the full line is the experimentally obtained one. Agreement is 
excellent, within the limits of experimental accuracy. M
z
' the 
most difficult quantity to evaluate gives larger values when calculated 
by the highly inaccurate method of Zimm and the experimental l1ne, then 
falls above the theoretically predicted. 
Using such a graph as given in Fig. 35 it is possible to determine 
the expansion ~actor and hence unperturbed dimension of any polymer if 
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FIG 35. 
CORRELATION OF CHAIN EXPANSION TO GOOD SOLVENT 
PARAMETERS. 
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its dimension and second virial coefficient are available from good 
solvent data. Also a measure of molecular weight dispersityis required, 
but nevertheless this provides a way of finding unperturbed. dimensions 
froll data that is far more easily gathered than the corresponding 
ones at theta conditions. 
Using this technique the unperturbed dimension ofpoiy (3-chlorostyrene) 
(P.3 C1.S.) was calculated from light scattering'data'obtained'in 
benzene at 9.50 C. Experimentally theta conditions had been unattain-
able even when the freezing point of the benzene had been lowered by 
adding cyclohexane, non solvent, and working at 5.00 C, hence the 
data in the Single solvent was used. 
Solving equation (5.21) for ~ by 'successive approximations 
gave:-
P.3 C1.S 
"2; 
and since (r) a 
-! 
2000 K; then (r2) a 1600 K. 
o 
The 'unperturbed dimensions of P.3.CI.S. and P.4.CI.S. are 
, "2 2 
compared in Table 5.16, the two columns of r 1nl representing 
o 
the two methods of determining n, either irom Benoit's treatment 
of light scattering data or the Schu1z-Zimm distribution. 
Table 5.16:- Unperturbed dimensions of P.3.CI.S. and P.4.Cl.S • 
. 
. 
"2 
Polymer r~ :/ o nl 
. Benoit Schu1z Zimm .. 
. 
P.,3.CI.S. 11.7 31.0 
P.4.C1.S. 9.1 15.0 
Previously, in the case of the poly(ethers), the data from the 
Schu1z-Zimm distribution was taken, as opposed to the Benoit treatment, 
which was rejected, owing to the curvature of the Zimm plots and the 
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resultant inaccuracies in determining the initial and asymptote slopes, 
Sand S 00 • of the C .. 0 Une. ' In the present case however the Zimm 
o 
plots obtained for the substituted poly(styrenes) areofa rectilinear 
nature, as shown in Figs. 27-30, such that the various slopes can be 
measured with some deg'ree of accuracy. Correspondingly a fai r 
agreement is obtained for the two methods in the case·ofP.4.Cl.S. 
, This is.not the case with P.3.Cl.S. however,with the Schulz-Zimm 
method leading to a curiously high value. Possibly this method of 
measuring molecular weight dispersity becomes less accurate as 
dispersity increases, and here the N IN ratio in question is at 2.4, 
w n 
the highest encountered in the present work. 
·2 2 Taking r 1nl forP;4.Cl.S. as the mean of both measurements, 
o 
the Benoit value is increased by some 30%. Giving the same allowance 
to P.3.Cl.S. the following sequence, shown in Table 5.17, when 
compared with poly(styrene) is obtained. 
Table 5.171- Unperturbed dimensions of styrene and chlorostyrene 
polymers 
.2 
r 
Polymer, -2. 
nl2 
, 
Poly(styrene) 10.0 
Poly(4-chlorostyrene) 12.0 
Poly(3-chlorostyrene) 15.8 
The value quoted for poly(styrene) is of atactic polymer at the 
, ''"2 2 limit of high chain length (r 1nl ) 
o 
(40). 
5.6 DIMENSIONS AND CRYSTALLINE S'mUCTURE OF POLY(CHLOROSTYRENES) 
Table 5.17 shows the sequence of end to end dimensions of 
poly(styrene) and the two substituted chloro compounds. The following 
attempts to relate this sequence to the local configuration of the 
polymer chain. In order to do this we are assuming that the structure 
of the polymer at theta conditions is related to crystalline structures 
of the corresponding tactic chains. 
The polymers under question are atactic samples consisting of a 
random arrangement of isotatic and syndiotactic portions. Birshtein 
and Ptitsyn (150) Show. that in such a sample of poly(styrene) a 
syndiotactic arrangement will always, crystallise in the trans:form 
and the isotactic in a 31 helix. Information on the mono substituted 
poly(3-chlorostyrene) and poly(4-chlorostyrene) is not so abundant 
although data is available on the corresponding poly(methylstyrenes). 
The chloro substituent is similar in size to the methyl group 
and it would be expected that the crystallisation behaviour of the 
chlorostyrenes would be similar to the corresponding methyl compounds. 
Assuming this to be so, Birshtein and Ptit8yn show that the presence 
of a bulky substituent in the poonyl ring close to the main chain, 
in the ortho position, leads to a 41 helix. On the other hand a 
substituent relatively remote from the main chain in the meta or 3 
position, leads to the intermediate 113 or closely related 298 helix. 
Finally if the substituent is in the para or 4 position, remote from 
the main chain the chain has the structure of a 299 or 103 helix. 
These are closer to a 31 helix than: the 298 or 113 helices. 
However the structure of 4 chloro or 4 methyl styrenes have not yet 
been resolVed and consequently their crystal arrangement is unknown. 
Table 5.18 indicates the helix form of poly(styrene) and 
its related chloro-compounds, along with the respective dimensions 
of the helices and the unperturbed dimensions of the polymer chains. 
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Table 5.18:- Crystal structures and unperturbed dimensions of 
poly(chlorostyrene) series 
.-. 
Helix Type Identi ty' Period db Increment per 2· , Polymer r 
monomer (Jb 0 
;;2 
P.S. 31 6.65 2.22 10.0 
P.4.Cl.S. 
-
12~9 
-
12.0 
' . , 
. P.3.Cl.S. 113 or 298 21.74 or 57.0' 1.98 or 1.97 15.8 . 
P.2.Cl.S. 4 8.10 2.02 - .' 1 
'. 
From Table 5.18 it is seen that the distance per monomer along 
the helix remains virtually constant at around 2.00 X per monomer. 
It would therefore seem that the isotactic or helical Portions of the 
chain cannot be responsible for the variation in the Unperturbed 
dimentlions as is observed for the series. 
The difference must either lie in the syndiotactic portions, or 
what is more likely,the length of the syndiotactic and isotactic 
portions. In general the longer the sequences ot syndiotactic and 
isotatic polymer, the longer will be the polymer chain •. It is only 
22 . , 
possible to say therefore that with r 1nl increasing in the series' 
o '. 
P,S •• P.4.Cl.S., P.3.cLs., it is likely that in going from P.S·.to 
P.3.Cl.S. there is an increase in the lengths of. isotactic and I.~ 
syndiotactic sequences. 
5.7 1.017 TEMPERATURE RELAXATIONS OF POLY(STYRENE) AND POLY(CIILOROSTYRENES) 
To date several studies have been made ot the dynamic mechanical 
o properties ot polymers down to about 4 K and various loss peaks have 
been found at temperatures between 40 - 500 K (151 '. 155). 
Dielectric measurements on poly(styrene) and poly(2.3 and 4 - chloro-
etyrenes) have been obtained by McCammon, Saba and Work (30) over the 
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o ' ' 
temperature range 4 to 300 K and at frequencies ranging from 0.1 
to 20 KH~. Each of the samples exhibits a dielectric loss'maximum 
in the range 15 .,. SOoK. McCammon et,al show.that the temperature of 
the maximum loss, as reproduced 'In Table, 5.19, decreases as the 
substituent lowers the symmetry of the pendant phenyl group. 
Table 5.19:~ Temperature of loss maxima of p.a~ and P2.3 and 
4 CI.S., measured at 1 KHz 
, 
Polymer Ty (oK) Dielectric loss maxima 
, ell (x106) 
P.S_ 46.0 !. 0.5 130 
P.4.Cl~S. 47.5 !. 2 405 
P.3.Cl.S. 17.5 !.0.5 3i5 
P.2.C1.5. 32.7 ... 0.2 , 450 
they explain this sequence by suggesting a model which allows 
two distinct ,";ode,'si of side group motions. Using substituted 
chlorostyrenes the directional feature of the dipole moment vector can 
be varied in a known way, and it was hoped that, by making,a dielectric 
study of these compounds it would be possible to elucidate the nature 
of the loss peak previously observed in p.a, at very low temperatures. 
McCammon et a1. observed loss peaks for p. a. and P. 4 .Cl • a 
reaching a maximum at almost the same temperature. ,They also 
calculated that their activation energies are Similar, and reason 
that the same type of molecular motion is involved in~the two polymers. 
On this basis they say that the low temperature peaks are related to 
motions of the phenyl side group. 
Limited torsional oscillation or rotation of the pendant phenyl 
group around its bond to the main chain is f~quently used to explain 
relaxation effects in low temperature nuclear magnetic resonance (n.m.r.) 
and mechanical loss experiments in P.S. Such a motion by itself 
cannot produce a dielectric response in P.S. or P.4.Cl.S. because 
the dipole moment of the phenyl group lies along its assumed axis 
of rotation. In order to explain the observed losses McCammon et al. 
include an additional mode of side group motion. They suggest ,the 
phenyl group motion be described in terms of a local, fixed,co-ordinate 
system. If the origin of such a system is at the carbon atom on the 
main chain to which the side group is attached, then orientation of 
the i th side group can be defined in terms of the polar angle 8i , 
dependent on main chain rotation, the azimuthal angle, ~i' of the 
bond that connects the side group to the main chain, dependent on 
side group 'wagging"" and also on the rotation angle "'i of the side 
group around an ",axis L, directed along its connecting bond. 
In tenus of this model McCammon et al. explain the differences 
in the loss peaks of the SUbstituted poly(styrenes). The dielectric 
loss in P.S. and P.4.Cl.S. they say involves only e and ~ motions 
and hence the high temperature end of the spectrum is most heavily 
weighted. substitution of the chlorine in the ortho position (P.2.Cl;S.) 
results in a dipole vector nearly perpendicular to the ~ axis so the 
to -motion contributions now become emphasized in the spectrum. The 
o 0 
shift of the peak to a lower temperature (32.7 K instead of 46 K) is 
then in accordance with the assumption of lower barrier for c..O-motions 
compared to e or ~ - motions. The loss peak in P.3.Cl.S. occurs at a 
o 
still lower temperature (17.5 K), reflecting less steric hindrance to 
0) -motion than P.2.Cl.S. In this case, they suggest the direction 
of the dipole vector is such as to weight the different components of 
motion almost equally and the loss peak represents as near a 'true' 
relaxation spectrum as possible. 
Private communication with Dr. n. E. lYetton of these. laboratories 
reveals that mechanical loss data on P.S., P.4.Cl.S., P.3.Cl.S., and 
P.4.Br.S. and P.3.Br.S. shows an exactly paralle'l". sequence in low 
temperature loss peaks. This is an interesting feature on two 
accounts. Firstly in that the type of substituent is not respon-
sible for the observed res,ults, a point also made by McCammon, et al. 
,(30) when they list the ,temperatures of the mechanical loss peaks 
,of poly(2,3, and 4 methystyrenes), only to find a ,similar sequence 
to the chlorostyrenes. Secondly any explanation based on the dielectric 
effect of the chloro substituent cannot be valid if the,same sequence 
is found in mechanical loss measurements,obviously insensitive to any 
variation to dipole direction. 
Low temperature loss data by McCammonet al. and others (152-154, 30) 
on P.S. and,poly(chlorostyrenes) has now been accurately tabulated and 
the system well characterised. However, since, an explanation of these 
observations is st1ll,very much lacking a study of the dimensional 
" , 
,aspect of the polymers was prompted. As a result unperturbed dimensions 
of P.S., P.3.Cl.S. and P,4.Cl.S. were measured, or, for P.S, ,taken 
from the literature (40). The.e are given in Table 5.18. As was' 
discussed earlier the isotaticor helical segments of the chain do 
'not appear, to affect end to end distance, as, ini tially though: by the 
author. Although the polymers adopt helices of varying size the chain 
, . . 
length increments per monomer are virtually the same inaach case, also 
shown in Table 5.18. In this 'aspect the dimensional results have not 
proved as helpful to, structural elucidation ,as ,was hoped. 
It is thought though, as was mentioned earlier, that the increased 
dimenl!ions is due tO,a lengthening of syndiotactio and iaotaotio 
sequences wi thin" the chain. 
The odd feature in the loss peak data is,that P.2.Cl.S. should be' 
out of sequence oompared with P.3.CI.S. and P.4.C1.S. lliperturbed 
di~nsions ofP.S., P.4.CI.S. and P.3.CI.S. show an inorease in that 
order. Unfortunately the fourth member P.2.CI.S. was not available 
for determination. It would prove interesting to disoover if its 
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unperturbed dimension is even larger than the other· members of the 
series, or if in fact it reverts back nearer to that of P.S. and 
p.4· .Cl.S. as does its low temperature relaxation. 
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CHAPTER 6 
CONCLUSION 
It has been possible in the present work to synthesise high 
molecular weight P.Tri.M.O. and P.Tetra.M.O. from their respective 
cyclic ring ethers using 'Phosfluorogen A' catalyst. The lower 
members of the polyether series, and indeed P.Tetra.M.O., have all 
, 
been studied previously, but P.Tri.II.O. has o~ly relatively recently 
been polymerised from the cyclic ring ether and that to only' low 
molecular weight. The fact that Phosfluorogen A is capable of 
producing high molecular weight polymer is probably due to the 
, ' , 
-stability of the PPG geganion. 
, " ',' 
Although both initaUon and polym",risation stages were varied in 
an effort to obtain monodisperse polymers, molecular weight distributions 
M.lMn' Of, 1.8 for p.Te~r~.M.o. and l.6 for P.Tri.II.O. were typically 
obtained. The broadening of molecular weights is probably due to 
, ' . , 
chain transfer,effects. In the case of P.Tri.II.O. an additional 
catalyst solubility effect arises. It appears that at high catalyst 
concentration an equilibrium between coordinate and ionic catalyst 
species is established with the limiting solubility of ionic species 
tending to be lower than that for the coordinate species. This results 
in a limiting value of 25,000 being placed at the low et\d;.hf the 
molecular weight range when using excess catalyst. Further, on the 
evidence obtained for the oxacyclobutane polymerisation, it is 
possible to fonclude that th~ system is an example of a 'living' 
polymer, with chain transfer., , , 
Second virial coeffiCients were seen to decrease with increasing 
molecular weight,' although the rate of decrease was significantly 
larger than that predicted by theory. ~is is not uncommon and is 
due to certain inaccuracies in the theory as was discussed earlier. 
Using the same catalyst, efforts to polymerise tetrahydropyran and 
oxacycloheptane proved negative. 
Unperturbed dimensions of P.Tri.M.O. were determined in 
o ' " 
cyc10hexane at 25.0 C, theta conditions for the polymer. 
from viscometry gave 3.6 whilst light scattering gave 4.3. Similarly 
unperturbed dimensions of P.Tetra.M.O.,determined in l-hexene'at 
, 0 ' , ' 
44.8 C yielded 4.8 from viscometry and, 5.1 from light scattering. 
In addition P.Tri.U.O. unperturbed dimensions were,determined via 
the theoretical treatments of Kurata-Stockmayer and Stockmayer-
Fixman, which only require viscosities in a good solvent, of a series 
of polymer samples of known molecular weight. Excellent agreem'nt 
was obtained'between the two treatments and the dimensions obtained, 
averaging at 3.78 fall directly between the absolute values determined 
from viscometry and light scattering. FUrther agreement is obtained 
with theoretically calculated dimensions obtained via conformational 
energies ,and statistical weights assigned ,to the respective chains 
from rotational isomeric state theory. 
Two problems arise from dimensional calculations. F1rstly.from 
viscometry where all values depend on the chosen value of Po' the' 
viscosity parameter., Although several values are available 'for this 
21 ' 
quantity, 2.87 x 10 , the theoretical value for monodisperse polymers 
was used throughout. Secondly, since light scattering yields z average 
end to end distancE', n" the number of bonds in the characteristic 
2' 2 . 
ratio r 1nl , must be quoted in terms of z average molecular weight 
polymer. This was estimated from the Zimm plots by the Benoit method 
and also from the theoretical treatments of Schulz and Zimm. The former 
method was highly inaccurate due to the difflcu1ty,1n determining 
relative slopes from the Zimm plot. The Schulz-Zimm distribution, 
however, readily yields molecular weight distributions in"good 
approximation to the'heterogeneity. for MwfUn ratios up to 2.0, the 
'most probable' or Schulz distribution. 
Po1y(methylene oxide) and poly(ethylene), the first and last 
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members of the poly(ether) series have the highest characteristic 
ratios. Poly(ethylene),chains are in largely trans states and P ••• O. 
chains largely gauche and for such chains where skeletal bond angles 
are also equal Um . ~ . Consequently these two polymers 
n 4>.() 
will have relatively high characteristic ratios. All other members of 
the series have lower characteristic ratios. The average value for 
P.Tri.M.O. determined here is 3.8 and with P.E.O. is the lowest for 
, , 
the series. This is probably due to the fact that neither trans or 
gauche populations are expected to be in great predominance in this 
chain. 
Complementary data was obtained from dipole moment measurements ' 
on P.Tri.M.O. and P.Tetra ••• O. in dilute solution and in bulk. There 
is evidence that long" range interactions do not have a significant 
effect on the configuration adopted by a long chain molecule in the 
bulk amorphous state, If this is so bulk polymer properties should 
refer to unperturbed chain 'statistics. The results obtained here 
bear out this assumption with dipole moment data showing close 
agreement between bulk, theta conditions and theory. , For 
2 2 P.Tr1.M.O • .p- fnm gave 0.42 - 0.50 for bulk and 0.41 :!:. 0.05 for 
theta conditions and P.Tetra.M.O. 0.53 - 0.64 and 0.66 + 0.05 respectively. , 
, -
2 2, Dipole moment of P.Tri.M.O. in a good solvent yields ,)J'- fnm of 
0.77 :!:. 0.07 somewhat higher than unperturbed valueS, whilst P.Tetra.M.O. 
also in good solvent' at 0.74 :!:. 0.07 is lower and still in line with 
unperturbed values. The most stable crystalline form of P.Tetra.M.O. 
has been shown to be the "pli:mar zigzag where the (ttttt) conformation 
prevails. Since no other arrangements are of comparable low energy, 
small energy diffe.ences caused by solvent are not likely to significantly 
alter the population of configurations. This is reflected in the 
similar moments measured for P.Tetra.M.O. under varying conditions. 
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For P.Tri.I4.0; the situation is quite different. Although the most 
, " -' . ,+ '+ " '. . 
usual crystalline form is a (tt~) conformation two others 
commonly occur (tttg!.) and (tttt). Since these are of only slightly 
higher intermolecular energy, yarying conditions are likely to cause 
new configurational preferences, as seems to be the case here with 
P.Tri.M:O. in a good solvent. Thus·.the dipole moment proves a. 
sensit1ve. test of looal ,configurational changes in P.Tri .• M.O. but 
not P.Tetra.M.O. 
. '"2 2 
Unperturbed dimensions of P.4.Cl.S. gave rolnl of 9.1 from 
theta conditions, in benzene, at l5.o9c. Theta conditions for 
P.3.CI.S. could not be attained in benzene. From a knowledge of 
the expansion parameters 0<, of P.Tri.I4.0., P.Tetra.M.O. and P.4.Cl.S. 
a graphical correlation of "" to second virial coefficient was deduced. 
This. enabled the unperturbed dimension characteristic ratio of P.3.CI.S. 
to be calculated to be 11.7. l'I'om the sequence of unperturbed 
dimensions shown for polystyrene and P.3 and 4 CI.S. explanations 
are offered for the varying crystalline structures observed for the 
series. It appears that it is not the isotactic or helical portions 
of the chain. that are responsible for increased end to end distance 
in the series from P.S., P.4.CI.S., P.3.CI.S •• to P.2.CI.S. It is 
proposed that the increase in length is due, to a lengthening either 
of the syndiotactic·or isotactic elements within the chain. Also 
the behaviour of the low temperature (~) dielectric and mechanical· 
relaxations of polystyrene and poly(chlorostyrenes) are viewed via 
their dimensions in an'effort 'to explain the anomalous behaviour 
that oocurs, but without any obvious correlations. 
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